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I. INTRODUCTION 

Volcanic ash blankets almost t•o-thirds of the North 

Island (Baumgart 1954). Of the volcanic ash soils, rather 

more than one third are classified as yello• bro1JI1 pumice 

soils (Baumgart 1954) derived from rhyolitic pumiceous ash 

having clay fractions made up principally of allophane 

(Fieldes and Taylor 1961). This mineral shows a considerable 

capacity for fixing phosphate (Jackman 1951). Yello• brown 

pumice soils present an interesting field of research for 

the soil scientist, since they are among the most dynamic 

of soils- their equilibrium Yith the enviroD.lllent is quite 

unstable (Baumgart 1954). An attempt is being made in 

Ne• Zealand to bring the yellow brown pumice soils to a 

high level of production through both foresting and 

agriculture. Phosphate topdressing _is essential for 

establishment and maintenance of improved pastures. It 

appears from the results of Jackman (1955) that a sub

stantial proportion of fertilizer phosphate becomescon

verted to organic forms and accumulates as such. He has 

shown also that these soils in the virgin state contain a 

high proportion of their total phosphorus in the organic 

form. 

Less information is available on the trend of in

organic fixation of phosphate in these soils and the 

laboratory studies reported herein, were undertaken •ith 

a vie• to elucidating these trends. In particular, 
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information vas sought on the relative significance of 

aluminium-,iron- and calcium-binding of phosphate as 

influenced by time of contact betveen added phosphate 

and soil, and on changes in the solubility and exchange

ability of phosphate occuring throughout the time of 

contact. 

To these ends use yas made of 

(a) The phosphate fractionation procedures developed by 

Fife (Fife 1959a,b; 1962; 1963; priv. comm.), 

(b) Truogrs procedure for the determination of available 

phosphate (Truog 1930), 

(c) .An anion exchange resin technique (Saunder~and 

Metelerkamp 1962, Cooke and Hislpp 1963, Saunders 1964, 

Fife and Spedding priv. comm.) 

(d) A radio-isotopic exchange procedure (Furkert 1962, 

Shao 1963, Spedding priv. comm.). 
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11 • REVIEW OF LITERATURE 

THE MECHANISM OF PHOSPHATE RETENTION 

The general field of phosphate fixation has been the 

subject of a number of comprehensive reviews (Midgley 1940, 

Dean 1949, Wild 1950, Hemvall 1957) and it is proposed to 

limit the present discussion to a review of literature 

considered to have a direct bearing on the work being under

taken. 

It has been shoYn that iron and aluminium oxides and 

hydroxides and clay minerals are capable of removing large 

amounts of phosphate from solution. This phenomenon has been 

well reviewed and studied (Midgley 1940, Dean 1949, Wild 1950, 

Hemirall 1957) $ 

The relationship bet•een phosphate retention and pH in 

the presence of aluminium, iron and calcium has been investi

gated by many workers (Teakle 1928, Gaarder 1930, Mattson et 

al 1957, Miller 1954). From the consideration of this 

literature Saunders (1959) concluded that three generalization 

can be made, 

(a) In iron and aluminiuDI systems the phosphate in 

solution is at a minimum between about pH 2 and pH 7. 

(b) In calcium systems the phosphate in solution is at 

a minimum about pH 6. 

(c) The pH of minimum solubility in iron system is 

about one pH unit lower than in aluminium system. 

The effect of the removal of iron or aluminium or both 

from clays or soils on their ability to retain phosphorus 
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has been used to evaluate ~he role of iron and aluminium 

compounds in the fixation of phosphorus (Toth 1937, Romine 

and Metzger 1939, Metzger 1940, Chandler 1941, Black 1949, 

Coleman 1942). Treatments which remove a part of the iron 

or aluminium, result in a reduction in phosphate retention. 

Such treatments do not completely eliminate significant 

retention by the residual materials. 

Allophane, which has an approximate mineral composition 

represented by Al 2o
3

, Si02 ,nH20, is the predominant mineral in 

the clay fraction of soils derived from rhyolitic and andesitic 

volcanic ash. In soils from shyolitic ash, the amount present 

may be only a few per cent of the soil, but in those from the 

andesitic members it may reach 60% (Birrell 1954). The Si:Al 

ratio, of allophane may vary from 1.01-1. 78(Birrell and Fieldes 

1952) to 0.8-2.0 (Fieldes 1955). Taylor (1953) suggested that 

the reason for the generally lov ratio of silica to alumina 

was due mainly to early loss of silica during the initial brea.k

dolfll of clays. Fieldes (1955) shoved that allophane B was 

domina.Jit in yellow bro..-n pumice soils and allophane A in 

yellow bro'Wll loam. In allophane B the amorphous hydrous 

oxides of aluminium and silica are discrete and nth increasing 

age grow together to form allophane A Yhere very few small 

particles of solid hydrous Al-oxides are randomly cross-linked 

by tetrahedral Si (Fieldes and Taylor 1961). Because of its 

high content of aluminium and very small particle size (less 

than 100 i), these minerals have been regarded as important 
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fixers of soil phosphate. 

Saunders (1959c) studied the retention of phosphate by 

a soil derived from andesitic volcanic ash and containing 

allophane as the dominantcolloidal constituent. He found the 

retention to be greatest between pH 3.5 and pH 7, falling off 

rapidly above and below this range. He also found that allophane 

is rapidly converted to taranakite, an insoluble phosphate, 

following treatment with IM ammonium phosphate at pH4. Fieldes 

and Schofield (1960) suggested that phosphate yas held in a 

difficultly available form at tetrahedral aluminium sites 

similar to montmorillonite where aluminium substitutes exten-

sively for silicon in tetrahedral positions. Birrell (1961), 

showed that Tirau ash clay fraction, when treated nth either 

ammonium or potassium dihydrogen phosphate at pH 4, formed the 

phosphate mineral tara.nakite. 

The explanation by Birrell (1961) and Fieldes (1962) 

of phosphate fixation by allophane is that anionic groups 

containing o2 can coordinate at tetrahedral aluminium sites; 

anions like phosphate with pentavalent elements in tetra

hedral coordination are most strongly retained because the 

valence contribution(+¾ from Al and 5/4 from P) balance 

the -2 from oxygen, resulting in structural stability, thus 

4 

Birrell (1961) showed that by treating allophane with 

soluble NH4-phosphate about 25% of the silica content was 

dissolved. He concluded that the main mechanism likely to 

occur would be solution of alumina followed by precipitation of 
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tarana.kite. He also showed that allophane type soils develop 

a considerable negative charge in the range pH 6-7.5 and are 

strongly buffering in this range. This effect appears to be 

related to the Al which is in tetrahedral form. 

Hemwall (1957) in an extensive review concluded that 

the formation of insoluble iron and aluminium compounds of 

the nature of M(H
2

0)x(OH)y.H
2
Po

4
, is governed by the solubility 

product principle (Kittrick and Jackson 1955a,c; 1956), the 

common ion effect and salt effects. Under certain conditions 

a precipitate is formed, Yhereas under other conditions the 

phosphate is adsorbed. 

Chang and Chu (1961) reported that added soluble 

phosphate is mainly fixed as aluminium phosphate followed 

by iron phosphate and then by calcium phosphate regardless of 

soil pH. They found that when the time of contact yas pro-

¼ongedthe amount of iron phosphate increased with correspond

ing decrease in the amounts of aluminium and calcium phosphates. 

The rate of change increased with the moisture content of the 

soil. 

They further suggested that the first stage of fixation 

of added soluble phosphate by cations would occur at the surface 

of the solid phase and that the relative amounts and kinds of 

phosphate formed would depend of the i;ipecific surface area of 

the solid phase associated with aluminium, iron and calcium. 

Since the major constituent of clay is aluminium, the most 

likely initial form of phosphate fixed would be aluminium-

bound. Hovever, because the solubility product of iron-
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bound phosphate is lower than that of either aluminium-or 

ca.lcium-bound"'phosphate, they concluded that as time elapsed 

the aluminium-·and calcium-bound forms of phosphate in the soil 

would probably change to iron-bound forms. 

Lavety and McLean (1961) shoved that soils of low fixation 

capacity tied up 2½ times as much phosphate in the aluminium

bound fraction as in the iron-bound form, Yhile the reverse was 

true for soils of high phosphate fixation capacity. 

Volk and McLean (1963) shoved a tendency for the recovery 

of more than half the applied phosphate as iron-bound phosphate 

in soils of high phosphate-fixing capacity and more than half 

as aluminium-bound phosphate in soils of low phosphate-fixing 

capacity. 
q 

Hsu (1/!!4) studied the adsorption of phosphate by aluminium 

and iron in soil. He found that in slightly acid soils treated 

with dilute phosphate solution at pH 7, two reactions •ere 

operating at different rates. The one that proceded more rapidly 

was believed to be due to surface adsorption of phoshate by 

the amorphous aluminium hydroxide a.nd iron oxide in the soil. 

The subsequent slow reaction was due to similar surface reactive 

components developed during the ageing procesa. 

Lindsay, Frazier and stephenson (1962) used X-ray, petro

graphic and chemical analysis methods to identify the reaction 

products following the addition of various fertilizer solutions 

to soils and soil constituents. They demonstrated the formation 

of approxi■ately 30 crystalline phosphate compounds as well as 

several colloidal precipitates of variable composition. 
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Saunders (1965) studied phosphate retention from KH2Po4 

solution at pH 4.6 in some New Zealand soil profiles, from 

sedimentary and volcanic parent materials, arranged in 

sequences of increasing weathering and leaching. He found 

that phosphate retention from KH2Po
4 

solution correlated closely 

with P retention measured by adding solid Ca(H
2
Po

4
)

2
H20 to 

moist soil. He also found that P retention by topsoils correlated 

closely with organic carbon, total nitrogen, loss in ignition, 

organic phosphorus, Tamm Al and Fe and neutral citrate-dithionite 

Fe. Subsoil P retention correlated closely with Tamm Al and 

Fe and citrate-dithionite Fe. Soil organic matter was not 

considered to be directly concerned in P retention; the 

correlation rith P retention follo•ed from a close correlation 

between soil organic matter and Tamm Al-Fe. He also pointed 

out that on each parent material, Tamm Al and Fe and P retention 

increased with degree of weathering to a maximum in moderately 

weathered soils of silt texture and then decreased in strongly 

weathered soils of clay texture. With increasing degree of 

leaching within the profile P retention and Tamm Al and Fe 

decreased in topsoils and increased in subsoils. P retention 

per unit of Tamm Al and Fe was similar in topsoils and in 

aub.aoils. Where allophane lowered the P retention per unit 

of Tamm Al and Fe, the soils were found to contain appreciable 

Tamm Si. He explained this behaviour on the grounds that 

Tamm Si combined with Tamm Al and Fe, thereby preventing P 

retention by the Al and Fe. 
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The retention of phosphate by the non-living organic 

matter in soil is believed to be small (Burd 1948), (Pierre 

1948). Doughty gave evidence that such retention as there 

is due to a reaction of the phosphate with Fe, Al and Ca ions 

which are associated with the organic matter (Doughty 1930, 

1935). Chaminade (1946) reported that hullltls forms a complex 

•ith phosphate ions which is not readily precipitated by Ca 

ions, even at high pH values. Other workers have shown that 

the hUJRate ion can replace the phosphate ions that are 

adsorbed by clay minerals and by artifical alumino-silicatea 

(Mattson 1931, 1950). In laboratory studies, organic anions, 

such as oxalate, citrate and tartrate, which complex iron and 

aluminium, reduce phosphate retention by aluminium and iron 

compounds (Swenson, Cole and Seiling 1949). Jackman (1955) 

had reported that fertilizer phosphorus topdressed on permanent 

pastures, is partly converted into organic form in the soil 

especially in soils derived from rhyolitic pumice which were 

found to contain up to so% of their total phosphate in organic 

form and to accumulate fertilizer phosphorus in this form. 

He quoted evidence from Goring and Bartholomew (1952) that 

aluminium may be important insofar as nucleic acids are held 

by phosphate bounds to bentonite and kaolinite, and that 

adsorption, together with the formation of insoluble aluminium 

organic phosphates, could well account for the stabilization 

of organic phosphate by allophane. 

Dixon (1954) showed in one experiment on a pumice soil, 

that 50 per cent of the phosphorus applied to a 12-year old 

pasture was recovered; of this, 80-90 per cent was in organic 
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form. He suggested three alternative explanations, (1) phos

phorus occuring in the organic matter is bound through protein 

groups to allophane,(2) the organic phosphorus is unbound and 

not decomposed because af inactivation of phosphatase by 

allpphane,(3) a}lophane itself fixes the phosphorus* The 

third possibility is open to question since Saunders (priv. 

comm. Yith Dixon) has found relatively loY absorption of 

phosphate from solution by a.n allophane sample separated from 

a geological specimen. 

Microorganisms also play a part in phosphate retention. 

Pierre(1948) suggested that microorganisms may immobilize a 

large amoun.t of phosphate when a source of nitrogen and energy 

is available. Taylor (1946) found that the fixation of phosphate 

by a garden soil Yas substantially increased by the addition 

of peptone, urea and blood meal. Sterilization of the soil by 

heat and by certain chemicals prevented this increase;•, but did 

not reduce the amount of phosphate retained when no organic 

supplements had been given. Wild (1950) concluded that inorganic 

phosphate is unlikely to be metabolized by microorganisms in 

the soil unless phosphate supply is a limiting factor. 

THE FRACTIONATION OF SOIL PHOSPHORUS 

The chemical methods for the estimation of the different 

forms of phosphate in soils are based on the use of a series of 

selective extracting solutions. 

Fisher and Thomas (1935), by extracting separate samples 
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of soil with acetic acid-sodium acetate buffer at pH 4.98-5.02 

for different periods of time, and also nth dilute sulphuric 

acid at pH 2, attempted the fractionation of soil phosphates 

into three groups comprising: 

(a) .Amorphous and finely divided crystalline phosphates 

of calcium, magnesium and manganese, 

(b) Amorphous phosphates of aluminium and iron, 

(c) Phosphorus absorbed upon hydrous oxides and that 

present in the apatite forms. 

Williams (1937) using boiling sodium hydroxide as an 

extractant divided the soil phosphorus into: 

(a) An alkali soluble fraction, said to include organic 

phosphorus, exchangeable phosphate and the more soluble inorganic 

phosphate such as sesquioxide-bound phosphate, dicalcic phosphate 

and any water soluble phosphate, 

(b) Possibly titanium phosphate and crystal lattice 

phosphate, and 

(c) the alkali-insoluble fraction consisting of apatite. 

Dean (1937,1938), extended this fractionation by following 

the 0.25 N sodium hydroxide extractant at 95°C with an extraction 

with dilute (0.5 N) sulphuric acid. He suggested that the sodium 

hydroxide extraction removed mainly iron and aluminium phosphate 

and mono- and di-calcium phosphate as an inorganic fr.action. 

The sulphuric acid extraction then removed mainly tricalcium 

phosphate and apatites. A fourth fraction was that part insoluble 

in either of these extractants. 
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Dean also stressed that exchangeable calcium had a 

marked effect on the solubility of inorganic phosphorus in 

sodium hydroxide. Alkali extraction of soils requires 

pretreatment of the soil with a sodium salt solution (such 

as sodium acetate) in order to eliminate interference from 

soluble or exchangeable calcium and magnesium. 

Ghani's modification of Dean's method incorporates an 

initial extraction with 0.5N acetic acid followed by successive 

extractions Yith 0.25N NaOH and finally with sulphuric acid. 

Ghani claimed that the acetic acid extracted principally 

mono-,di- and tri-calcium phosphate, the sodium hydroxide 

extracted the organic phosphor.us and the combined iron and 

aluminium phosphates, while the sulphuric acid extracted 

principally apatites. 

The main disadvantage of Ghani's method is that some 

of the phosphate brought into solution by the acetic acid 

is readsorbed by the soil and is then extracted during the 

sodium hydroxide extraction. To overcome this, Ghani (1943b) 

suggested the use of 8-hydroxy-quinoline as a means of 

blocking readsorption or precipitation of phosphate by active 

iron a.nd aluminium during the acetic acid extraction. 

This suggestion was further explored by Williams (1950a, 

b, C). He employed successive single extraction •ith 2.5% 

acetic-acid-1%-8-hydroxy-quinoline solution ( which has a pH 

of 3.9) and O.lN sodium hydroxide. 

In some of these methods (Ghani 1943, Williams 1950), 

the acid extractions Yhich preceded the alkali extraction 
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vas shoYU to remove not only calcium phosphate but also 

considerable aluminium and iron phosphate. Further, in 

these methods no separation of iron and aluminium phosphate 

is achieved. 

Turner and Rice (1954) found that neutral ammonium 

fluoride can dissolve aluminium phosphate but not iron 

phosphate. Chang and Jackson (1957) suggested that the 

method used for the determination of available phosphate 

by Bray and Kurtz (1945) should be selective for aluminiWll 

phosphate. 

Chang and Jackson (1957) put forward an analytical 

scheme for identifying each of several kinds of phosphorus 

compounds in soils. This Yas based on the selective 

solubility of phosphate in various extractants. They 

classified the soil phosphorus into the discrete chemical 

forms: calcium phosphate, aluminium phosphate, iron phosphate, 

reductant soluble (iron oxide coated) iron phosphate and 

occluded aluminium-iron phosphate. Briefly, their methods 

of fractionation are as follows: 

(a) Pretreat soil sample with IN NH4Cl for 30 minutes 

to remove water soluble, loosely bound phosphate and the 

exchangeable calcium. 

(b) Extract Al-phosphate from the NH4-soil Y.ith 0.5N 

NH4F one hour. 

(c) Extract Fe-phosphate from residue with O.lN NaOH 

for 17 hours. 
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(d) Extract Ca-phosphate from residue with 0.5 N 

H2so
4 

for 1 hour (Dean 1938). (NaCl solution is used to 

•ash soil residues after treatments b,c,d.) 

(e) Extract the reductant soluble Fe-phosphate with 

citrate-dithionite at pH 7 (adapted from the method of 

Aguilera and Jackson, 1953). 

(f) Extract again with (1) neutral NH4F as in (b) 

for occluded Al-phosphate or (2) •ith 0.1 N NaOH as in {c) 

for occluded Al-, and Fe-phosphate. 

(g) Determine organic phosphate on a separate sample 

by the method of Bray and Kurtz (1945). 

These procedures have been criticized and modified, 

(Fife 1959a, b; 1962, 1963; Glean et al 1959; Saunders 1959; 

Yuan and Fiskell 19~9; Khin and Leeper 1960). 

Saunders (1959) and Yuan and Fiskell (1959) suggested 

that the citrate-dithionite attacked iron and aluminium in-

discriminately. Therefore it should not be used to dis

tinguish the so-called reductant soluble iron phosphate~ 

Khin and Leeper (1960) made the modification: 

(a) Extracting Al-phosphate with 0.5 N NH4F at pH 

8.5 as proposed by Fife instead of pH7. 

(b) Using stronger H2o2 and longer period of disgestion 

for organic phosphate. 

Fife (1959a,b, 1962,1963) carried out critical studies 

in soil and non-soil systems of the solubility characteristics 

of iron-bound phosphate and aluminium-bound phosphate in 0.5N 

NH4F over a range of pH. His results •ere consistent with 

iron-bound phosphate possessing considerable resistance to 
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alkaline hydrolysis in 0.5N NH4F and showed that the most 

general selective delineation of aluminium-bound phosphate 

by this extractant is likely to be attained at approximately 

pH 8.5. He has also advanced (priv.comm.) a method for 

fractionating soil phosphate; the detail of this procedure 

is given under "Methods". 

THE ISOTOPIC EXCHANGE KINETIC METHODS. 

Russel, Rickson, Adams and Seatz (1954) suggested that 

all inorganic phosphate fractions in soil must be regarded as 

undergoing exchange although at very different rates. De

pending on the nature of the soils, on the exchangeable cation 

present and on the surface development of the precipitated 

phosphate present, the rate of the process may vary widely. 

I •. th h th ~ •h d. · t 32 
~ 1s roug e use oi ~era 10-1so ope~ P, as a 

tracer for the phosphate exchange reaction between solid

liquid phase that the studies of the exchange reaction are 

possible. Many Yorkers such as McAuliffe, Hall, Dean and 

Hendricks (1948); Wiklander (1950) and Russel, Rickson, Adams 

(1954) and Seatz (1954) have used 32
P in the study of phosphate 

exchange reactions. 

McAaliffe et al (1948) considered that the basic soil 

reactions involving 32P phoaphate •ere: 

31 32 Surface phosphate-P + solution phosphate-P 

' Su f h . t P32 
1 t· h h' p 31 

~======7 race p ospha e- + so-u 10n p osp a~e-

The extent of surface reaction can be estimated at equilibrium 

for the above reaction, namely 
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32 31 
Surface ,hosphate-P _ Surface phosphate-P 

32 31 Solution phosphate-P Solution phosphate-P 

(or) P31 (surface)= P 32 surface x P
31 

solution. 

P
32 solution 

They applied P32 to study the exchange between aolution 

and solid phase phosphate. They alloyed soils to equilibrate with 

water for 4 days then added a quantity of carrier free P
32 

which -was considered would cause no significant change in the 

phosphate content of the solution. Exchange ..-as measured by 

b . th d. f 1>
32 ~ 'h 1 t· o serv1ng e 1sappearance o ~ ..1.rom -r. e so u 10n. A part 

of the soil phosphate was found to equilibrate rapidly by 

exchange with the solution. The amount of this rapidly 

equilibrating surface phosphate ..-as found to parallel other 

estimates of phosphate availability. A slo..-er, less reversible 

exchange of phosphate Yas also recognized. 

The mechanism of phosphate sorption and kinetics of 

phosphate exchange in soil Yas investigated with the aid of 

32P by Wiklander (1950). He used another approach. Samples 

of soi 1 were shaken ri th labelled phosphate for 3 days, follow

ing which the bathing solution Yas replaced by a solution of 

unlabelled phosphate of equal concentration and the return of 

p
32 

to the solution Y&s observed. 

According to Wiklander, the exchange seemed to be 

composed of 2 separate reactions: the primary rapid ion 

exchange between solution phosphate (P) and the micellar 
s 

, *) phosphate (P , the main part being exchanged in 10 minutes; 
m 
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and the secondary exchange between the miceilar (P) and 
m 

* the fixed phosphate (Pft), the latter progressing slowly. 
I 

The rapid exchange can be written: 

* p + p 
s m 

* p + p 
m s 

and the secondary process as; 

* + p 
m 

••&$&4$-@.#€'¼#%¾ (1) 

This reaction is of a chemical nature and the la• of mass 

action can therefore be applied, 

(P) f • (P*)m = 

(P)m • (P*)f 

By combining equation (1) and (2) the micellar 

phosphate is cancelled out which gives: 

'P) \ s * (p \ 
' I f 

He also further stressed that, from this evidence, 

the law of mass action governs the reaction between the 

phosphate in the soil solution and the phospate fixed by 

the soil. 

He also commented that if the exchange reaction is 

allowed to proceed until equilibrium is reached, the ratio 

* * P 1 t· /p . 1 must be equal to the same ratio of P. 
SO U l.Oll' SOl 

This implies that the thermodynamic constant K has the value 

1. To express the momentary or apparent equilibrium state, 

K has to be multiplied with a coefficient,!7, the magnitude 

of which grows to the limit value 1 as the reaction approaches 

true equilibrium; thus OJJK<l. If the relation betveen/ 

and the reaction time •ere known, then the time required 
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to reach equilibrium could be determined. 

Russell et al (1954) indicated the nature of exchange 

reaction by shoTing that if an aliquot of soil is suspended 

· 1 t · ' · · (,,. )P31 ond (y)1>32 and · • · 1n a sou 10n con~a1n1ng ~ o,&4 _ 1so~op1.c 

exchange occurs, then, 
~_ft (1) •+•&◊ ❖ -◊®'@ ♦ @O@@@ 

X + Et xt 

where (x ) and (yt) the amount of 31 d p32 . the are p an l.n t 

solution after time ( t) and (Et) is the quantity of soil 

phosphate Yhich has undergone exchange. Hence, 

Et:: xt (2) y-x $ •• • • • • • • • * • • • • • * • • * * * • 
Yt 

They stated that if an attempt is made to estimate 

the exchange capacity of a natural soil by this procedure, 

difficulty arises from the fact that, if the concentration 

of labelled phosphate used is sufficiently large for accurate 

colorimetric measurements to he made, sorption rill occur 

simultaneously Yith isotopic exchange. Thus the effect of 

sorption on the validity of the calculated result will 

.depend on the rapidity of exchange betYeen the bathing 

solution a.nd the phosphate sorbed during the expeniment. 

Should exchange be so rapid that the sorbed phosphate remains 

virtually in equilibrium with the bathing solution the value 

of xt/Yt vill be unaffected by sorption and no error in the 

estimation of Et vill result. Hovever, the rate of the 

process may be affected and the kinetics of exchange cannot 

therefore be studied. If the phosphate sorbed during the 

experiment exchanges slo•ly or not at all Tith that in the 
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bathing solution, its specific activity will exceed yt/xt 

at time t since exchange necessarily causes the specific 

activity of solution to decrease during the experiment. 

The value xt/Yt •ill therefore be increased by sorption 

and isotopic exchange Yill be overestimated by equation(2). 

Russell et al also commented that the validity of the 

procedure of McAnliffe et al (1948) depends on the two 

conditions, that the p
32 

is added after equilibtium has been 

attained a.nd that the carrier added with the p
32 

does not affect 

the phosphate balance of the system. 

The validity of Wiklander's method for estimating the 

exchangeable phosphate content of the soil clearly depends 

on equilibrium between the initial labelled solution and all 

forms of exchangeable phosphate in the soil having been 

attained before the labelled solution is removed. That this 

condition Yas satisfied in Wiklander's investigation appears 

most improbable since as his results show, equilibrium bet•een 

the treated soil and the second solution was not reached in 

4 days. This suggests that the procedure may give rise to 

errors which are not readily detectable. 

Russel et al (1954) suggested a method that involved 

shaking aliquots of soil with solutions containing kno'Wll 

t ·t· f p31 and p32 and b . th h . th quan l. 1es o o serving e c ange 1n _.ese 

quantities. If it could be proved that at the end of the 

experiment the phosphate which had been sorbed by the soil 

was isotopic equilibrium •ith bathing medium, it appeared 

that an unequivocal estimate of the exchangeable soil 

tfflRAll'f 
.MASS£Y UMIVEltSITY OF MANAWATU 
~ ,AI.Mf,R$TOH NORTH, N.I. 
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phosphate could be made* 

Talibudeen (1960) examined the specific activity 

(S.A.) data for over a hundred arable soils from England 

and Wales by observing the curvilinear decay in log.(SA) 

•ith time. The results sho• that at least 3 groups of ex

changing sites are involved Tith half-time of exchange 10-

30 minutes, 5-15 hours and 40-60 hours. The phosphate in 

the equilibrium solution, which is removed from the soil 

during equilibrium, is a part of the more rapidly exchanging 

category of the total isotopically exchangeable phosphate. 

Shao (1962) using p32 and mathematical calculation was 

able to analyse the curve of log. count rate versus time into 

a number of straight lines (for systems in chemical equi li

brium) representing the nuIDber of different types of exchange

able inorganic phosphate that were present on the solid 

He vas able to calculate the snecific rate constants 
, A 

for all these types of exchangeable inorganic phosphate. 

By comparing these rate constants, he reached conclusions 

in respect of: 

(a) the numbers of types of exchangeable inorganic 

phosphate on clay minerals, soils, and ion exchange resins. 

(b) the nature of bonding of these phosphates. 

(c) relationship between specific rate constants and 

phosphate a.vailabili ty in soils. 
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IIL MATERIALS 

Description of soils: 

Descriptions of the soils used are presented in Tables 

1 and 2. The soil samples were collected from the sites 

established as modal by New Zea.land Soil Bureau and for which 

complete descriptions were available. (Data on soil profiles 

1962). 
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TABLE 1. Description of soils 

i 
I 
I 

I 
I 
! 

l 
I 

rcs::e:-::r:-::i-:a:-;l;--:-:D;:;-e-:-p-t7 h;-:--'r--;:S:-o--:i-:::l:--::T;;-yp-e ____ T-:::::P_a_r_e_n-:-t--::-M7'"a-:t-e_r_i-:a-:lc-----:-,-G-e_n_e_t_i_c ___ i Genetic 
i 

No. ( inch) No. f classification 

Predominant 
sand and clay 
mineral i-------t----+---------i.----------1------1-

1 0-8½ Taupo sandy silt Rhyoli tic pumi c 

(Taupo ash) 

erupted 1700 years 

ago 

13a. ;. Moderatelv leach- Allopha.ne, 
1 ., 

and 

2 st-12t 

i 
! ed vellow brolfil j V 

I pumice soil 
f 
! 

I 
! 

glass, 

andesine, 

pyroxenes. 

Location of 

soil 

Wharepaina,•est 

side of Rotorua-

Taupo highway, 5 

miles south of 

Slope 

and asnect 

Flat 

A.lti tude 

ft. 

1080 

Rain-

fall in. 

50 

Waiotopu 
-----,---1-----t-------t--~++-i -----1~----1---~--.j___---4-~~~L---i 

fery strongly Allophane. Summit Easy rolling 1500 70 
3 0-10 Ngaroma sandy 

and silt 

4 10-13 

' 

Sa.me as No.I 13a. 

above llea.ched vellow s ,., 

ibroYD pumice 
i: 

!soil 

Turangakuma plateau, 

Hill deeply 

dissected 

5 0-3 Kaingaroa lowny Same a.s No.I l 3a.. 
---~,---,----------t-----------+------H1----------+--------+----------J-------L 

kl:Ulle as No.2 Allophane, Waimihia. road, 3 degree, 2;;;··~--.i---5-5 ____ _ 
( 

and sand 

6 3-5½ 

·.-, t· 

above !a.hove 

I 
i 
! 

glass, 

pyroxenes. 

Ka.ingaroa forest, North. 

450 yards north 

from Napier-

Taupo highway 
; I ,-.... ~----•$•·--7~----i------------t-----~-~-----+--~-~-,f-~••':..----~-----+.--------+----------+-------~-.i..-· --,--4-------

: J 
7 0-5½ Tirau silt loWD 

and 

8 5½-12 

Tirau ash. 

The top soil 

includes thin 

contributions 

of Ta.upo and 

14a. !Modera.telv leach-r .., 

led central yellow 

lbrown loam. 

Allophane, 

glass, 

andesine. 

Hetherington 2 degree, 

road, Tirau, on East, near 

roadside l½ miles crest of 

east of Tirau easy rolling 

and ½ miles ridge • 

400 55 

... ······ ···--- , --·· Kaharoa ash t I south of cemetery 
--~~------_l.._-----~---~-:------_L_~; __ _LP _____ _Li ___ ,..J.L __ J_ ___ _ 
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Soil c}temistr, 
t .., 

S ·1 T 01 ·vpe T a.upo any 1 S d s·1t N 1 Q:a.roma any Sl. t, S J . 1 · K· a1n,raroa L oamy S d an r· i:ran s· lt L 1 own . ,. 
"' " ' ·, 1 . !~ ... r I' 'j r. '• { 

Depth (inch.) 0-3 5-7 7-10 14-17 17-20 0-5 
. 

16Tl9 24-27 
. 

0-3 5-8 8-9:_, 9-15 0-2 8-12 7-10 3-1·., I 13-20 24-30 . ;""' 
' : 1. ! 

Horizon A AB B C C A B Cl C2 Al B2 BhFe I Cl .All : Al2 ! AB B C I 

i i 
pH 4.9 5.9 5.9 6.1 6.0 5.4 5.8 6.00 6.00 4.00 5.00 5.10 5.20 5.70 ' 5.80 5.90 6. 30 6.70 

Cation exchange I 

' I 

C.E.C. me% 31. 30 8.70 6.90 4.20 3.40 52.60 17.50 8. 10 10.90 27.10 11.70 13. 00 3.20 36.80 I 28.10 15.60 15.10 14.10 J 
I I 

T.E.B. me% 9.60 2.10 1.90 1.80 1.90 o.so 0.3 0.30 0.20 17.80 7.70 
I 

1.50 I 3.60 5.60 .,. 
I 

B.S. me% 30.00 24.00 28.00 43.00 56.00 50.00 10.00 o.oo 3.00 3.00 3.00 2.00 6.00 48.00 27.00 10.00 24.00 40◊00 
·- I 

I 

Ca me% 6.80 0.90 0.70 0.60 o.ao 17.90 1.00 0.20 0.10 0.40 0.20 0.20 0.10 11.80 ! 5.20 1.20 2.50 2.40 i 

M,z me% 2.00 0.40 0.30 0.30 0.30 7.50 0.40 0.10 0.10 0.40 0.10 0.10 0.20 4. 60 1.50 0.40 0.50 2.10 

K me% 0.78 0.53 0.65 0.60 o. 72 1.10 0.30 0.10 0.10 0.27 0.22 0.09 0.14 l. 37 0.90 0.49 ' 0.73 0.86 

Na me% 0.20 0.20 o. 30 0.40 0.50 0.30 0.30 Ow 10 0.10 
i 

0.20 0.20 o. 30 o. 30 0.20 0.10 o.oo 0.10 0.30 

Organic matter 

C % 10.10 2.30 1.40 0.60 0.20 19.80 10.10 3.60 3.40 0.50 10.60 7.20 2.30 1.10 0.50 

N '/o 0.52 0.14 0.10 0.05 0.02 o. 69 0.42 0.18 0.14 0.03 0.87 0.60 0.2ij 0.12 0.06 

c/2,1 19 16 14 12 10 29 24 20 24 17 12 12 10 9 9 

Phosehorus 

Total ma; P% 92.00 31.00 62.00 45.00 28.00 143.00 98.00 60.00 34.00 

Ora;anic mg P% 67. oo I 10.00 36.00 22.00 3.00 101. 00 45.00 17.00 7.00 

Inor,e:anic mg: 11 25.00 21.00 26.00 23.00 25.00 42.00 53.00 43.00 27.00 

Truo,2; Mil :p% 0.50 0.20 0.70 0.20 0.20 0.50 0.20 0.20 0.20 

~:retention d 
l"' 63.00 43.00 70.00 80.00 45.00 95.00 98.00 95«00 92.00 

N/Or1ranic P 8 5 ,, 12. 8 10 9 5 7 9 

Taam oxalate 

Aluminium % 0.60 0.78 
0.61 1.09 0.83 3.23 4.26 ·4.24 2.75 

I I ; I 

I l I ' J: 

i Iron % o. 30 I i 0.22 I ,. 
0~45 0.37 0.27 0.63 l I i I. • .. . \ 0.85 1.10 1.08 . 

1~ .... .. 
' 
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IV. METHODS 

1. Preparation of soil samples. 

The soil samples employed had been air-dried and ground 

to pass a 2 mm. sieve. For analysis, sub-samples •ere ground 

to pass an 80-mesh sieve® 

2® Calorimetric determination of phosphate. 

Total phosphate •as determined on the perchlor::ic acid 

digests by the method recommended by Bray and Kurtz (1945). 

Colour development for all remaining phosphate deter

minations (apart from Truog values) •as carried out by the 

method of Dickman and Bray (1940). In the determination of 

Al-bound phosphate, the boric acid procedure of Kurtz (1942) 

was employed to eliminate interference in colour development 

by fluoride. Colour measurement •as made on a Beckman 

spectrophotometer at 815mp. 

3. Fractionation procedures to determine iron-,aluminium-, 

calciwn- and organically-bound phosphate. 

The scheme in outline is as follows: 

(a) Iron- and aluminium - bound phosphate •ere determined 

together by extracting 0.5 M NaCl preleached samples •ith 1 N 

NaOH 

(b) Iron-, aluminium- and calcium-bound phosphate •ere 

determined by t•o stage extraction as follo•s, 

(i) 0.01 N HCl solution, 

(ii) 1 N NaOH on the residue from the above after 0.5 M 

Na.Cl Tashing and acetone drying. 

(c) Calcium-bound phosphate was determined by difference (b - a) 
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(d) Aluminium bound phosphate was extracted •ith 0.5 N 

NH4F at pH 8.5. Fife (1959a,b,J962, 1963.) has recommended 

no particular soil: extractant ratio for this extraction 

but suggests that, for routine study, as high as possible 

a dilution should be used to offset as much as possible 

the tendency for phosphate liberated by the 0.5 M NH
4

F 

to recombine with free iron oxides. In the present in

vestigation a ratio of 1:100 was adopted on the basis of 

the following preliminary experiments. 

Taupo sandy silt (m; P/100 g. soil) 

Dilution 1:100 1:200 1:400 

~r 
T Top-soil Sub-soil Topsoil Subsoil Topsoil Subsoil 

3(hou.rs) 2.1 3.3 2.5 3.8 2.6 3.9 

7 2.5 3.5 2.7 3.9 2.7 3.9 

16 2.6 3.8 2.7 3.9 2o7 3.9 

25 2.5 3.8 2.7 4.0 2.8 3.9 

40 2.5 3.8 2.8 4.0 

1garoma sa.n y N d J.Oam ( mg P '100 I JI:• 80:L~ 

Dilution 1:100 1:200 1:400 

~ T Top-soil Subsoil Topsoil Subsoil Topsoil Subsoil 

3(hours) 2.1 1.2 2.4 2.0 2.9 9 ~ -•v 

7 2.4 1.6 2.6 2.6 2.9 2.5 

16 2.6 1.9 2.7 2.7 3.1 2.6 

25 2.7 1.8 2.7 2.7 3.1 2.6 

40 2.7 LS 2.7 2.7 
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Kaintla.roa loamv sand (mg p /loo g. soil) 

Dilution 1:100 1:200 1:400 

~ e Topsoil Subsoi 1 Topsoil Subsoil Topsoil Subsoil 

3(hours) 3.3 1.2 3.7 i. 7 3.8 1.7 

7 3.5 1.4 3.9 1. 7 4.2 1.7 

16 3.7 1.5 4.1 1.7 4.2 1.7 

25 3.8 1.4 4.1 1.7 4.2 1.7 

40 I 3.8 I 1.5 4.1 1.6 

Tirau silt loam (m£!: P /100 g. soil) 

Dilution 1:100 1:200 1:400 

~ e Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 

3(hours} 36.7 17.1 41.7 21.3 44.5 25.0 

7 41.2 22.8 44.9 27.0 46.2 29.0 

16 41.0 24.6 46.3 28.8 47.0 29.0 

25 41.5 24.3 46.2 28.1 47.0 29.4 

40 41.8 25.6 46.3 l 28. 6 47.0 30.0 

These results shoT that there are no apparent increase in 

amount of phosphate in the e:x:tractantt. a.s the extraction time and 

soil: extractant, ratio increase in Taupo sandy silt, Ngaroma sandy 

loam, Kaingaros loamy sand. This may simply reflect the low amount 

of Al-bound phosphate in these soils. In Tirau silt loam on the 

other hand, there is an increase in the amount of phosphate ex

tracted as extraction time and soil: extrac-tant ratio are in-

creased. 

(e) The amount of iron-bound phosphate vas obtained by 
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subtra:etirig· the aluminium phosphate value from that obtained 

for aluminium- and iron-bound forms. 

(f) Organically-bound phosphate was taken as by the difference 

betYeen the combined 0.01 N HCl and lN Na.OH extraction values 

found for ignited and unignited samples. 

Recently, Dormaar and Webster (1964) have provided 

evidence that the organic soil phosphorus may not be completely 

converted to inorganic forms even at temperatures as high as 

650°C and that losses by volatilization may occur at temperature 

as low as 400°c. In view of the probable high proportion of 

organic phosphorus in yellow brown pumice soils it was con

sidered interest to investigate whether there was any loss of 

phosphorus by Yay of volatilization. A further possibility, that 

an apparent 10•1 of phosphate might a.rise through conversion of 

ortho-phosphate to meta-and pyro-phosphate Ya.a also borne in 

mind. (Fife, unpublished data). To test these points l ml of 

50 ppm P solution Yas added to 0.25 g. of soil ( i.e. equivalent 

20 mg/100 g. soil) and steam dried before ignition. It was 

ignited at 500-550°C for one hour and extracted with 0.01 N HCl 

and then follo•ing 1 N Na.OH. The results obtained as shoYn 

below. 

( mg.P/100 g. soil . ] 
h:ni tion Method Perchloric acid d1.i;cestx 

[Untreated !a.treated Untreated p treated 
sample mple sample sample 

Taupo sandy silt 52.7 72.7 55.2 73.5 

Nga.roma sandy loam 65.l 85.l 66.7 85.8 

Kaingaroa loamy sand 35.0 55.0 35.3 55.0 

Tirau silt loam 157.l 177.9 156.4 177.3 

* All samples are top-soil. 
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The results show that there is no loss of P by way of 

volatilization during ignition; nor is there any indication of 

incomplete combustion of the soil organic matter or of con

version of ortho-phosphate to meta- or pyro-phosphate. 

4. Phosphate extraction procedure using an anion exchange resin. 

0.5 g. of soil sample (80 mesh) vas placed in a centrifuge 

tube and one gram of resin(½ mm. diameter) was added. 25 ml. 

of distilled •ater was introduced to the tube which was stoppered 

and shaken on the end-over-end shaker for 16 hours. The resin 

was then separated from the soil by •ashing through a fine nylon 

screen with 100 ml. of distilled water. The resin vas quantita

tively washed from the screen to a 50 ml. beaker with 25 ml. of 

10% NaCl solution and the beaker was placed on a steam bath for 

one hour* The resin vas then filtered and vashed vith •arm 

IO% NaCl solution until 50 ml. of leachate vas obtained. 

Phosphate vas determined on an aliquot of the leachate. 

The foregoing procedure which involves removal of phosphate 

from the resin by NaCl washing was adopted in preference to 

liberation of phosphate by ignition of the resin; it was found 

that the latter procedure resulted in substantial loss of 

phosphate. 

5. Procedure for laboratory addition of phosphate. 

One hundred grams of each soil vas evenly spread over a 

7½ in. •atch glass and a KH2Po4 solution (100 ml. containing 

20,000 ppm P) was added to the soil •hich was then well mixed" 

and spread out again. The soils were then air-dried and mixed. 

Each soil was subdivided into 6 batches and bottled in 4 oz~ 
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screv-cap jars. Ten ml. of distilled water were then added to 

the soil followed by few drops of ether-toluene mixture (Roger 

1942, Kurtz et al 1946, Drobnik 1961) to limit microbial 

activity. The bottles were weighed and sealed. These bottles 

•ere occasionally weighed; if any loss of moisture was observed, 

distilled water was added to make up the loss. 

Distilled water and ether-toluene mixture were added to 

samples of the untreated soils to provide controls. Phosphate

treated soils without toluene were also employed to see whether 

there was any changes due to microbial activity. In this case 

the bottles were not sealed from the air, but the amount of 

moisture was kept constant by keeping the bottles in a con

tainer at high humidity to prevent any excessive loss of 

moisture from the soil. These bottles were occasionally •eighed. 

If any loss of moisture •as observed distilled water was added 

to make up the loss. 

6. Isotopic excha.n0 e kinetic procedure for excha.n
0

eable soil 

phosphate. (.Furkert 1962, Shao 1963, Spedding priv. comm.) 

(a) Mathematical analysis of data. 

The following mathematical justification is derived from 

Furkert (1962) (M.Sc. degree thesis. On file, Victoria University 

of Wellington«) 

Experiments with isotopic exchange reactions are carried 

out in equilibrium systems. In an equilibrium system, if there 

are A grams of P in the liquid phase and B grams. of exchangeable 

Pin the solid phase and the rate of absorption and desorption is 
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equal to R. If the specific rate constant for the exchange is 

K, at equilibrium. 

then R = KB. 

At zero time, a minute quantity of radio-active labelled 

32P is added to the liquid phase. The chemical equilibrium of 

the whole system is supposed to remain undisturbed, but due to 

radio-active inequilibrium, 
32B in the solution rill exchange 

· th • bl 31
n · t· 1 · d h t · 1 th h 1 ..-1 excnangea. e .p 1n he so 1 p ase un 1.L e • o e 

system has attained the same specific activity. That is, the 

ratio between 32P and 31P is the same in both phases. This is 

possible because the state of chemical equilibrium is dynamic 

and characterized by a continuous adsorption and dissolution of 

the same number of 31P atoms in a given time. 

Thus, if at zero time T counts are introduced into the 
0 

liquid phase, and at time t there are x counts in the solid 

phase, then there will be (T - x) counts remaining in the 
0 

liquid phase$ If the count rate is measured continuously and 

plotted against time on a strip chart recorder a graph of 

(T
0 

- x) versus time twill be obtained. This graph rill be 

a curve and its slope will be equal to the rate of fall of the 

count rate in the solution phase, that is equal to dT where 
dt 

Te (T - x) = count rate at time t. 
• 0 

This curve will gradually flatten out and eventually 

as the count falls to a steady value, the slope -will 13.come 

to zero. 
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. dT 
i ⇒ e•dt = 
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dT rate at which activity is leaving the solution 
dt ·-

+ rate at which it is + . en..,er1ng it. (Due to the 

adsorption and dissolution of the molecules). 

R(T - x,) 
' 0 -----+ A 

Rx 

B 

RT Rx 
0 

A+T 

phase 

(where A is the a.mount of Pin the solution and B the amount of 

exchangeable Pin the solid phase,) 

Now T = T - x, therefore x = T - T 
0 0 

Therefore dT 
dt = 

RT 
Ao + { 

RT 
0 ---A 

RT 
A 

) + 
RT 

(-O
B 

RT 

B 
) 

dT 
dt T 0•"'****0**®*****&**(1) 

In order to obtain T as a function of time, equation (1) 

is integrated. 
TA 

T = _o_ + 
A+B 

Thus we obtained. 
-R A+B) ~ 

Ce .... 4.B • & * * * * 0 * * * * @ 
0 * # 

4 * * * • * * * * (2) 

where C is a constant, e is the exponential 

Now when t-0, T=T-, equation (2) becomes 
T A V 

T = 
0 

+ C, therefore C T (1 -
o A+ B o 

T A T B -R(A+B)t 
0 0 

T "' A+B + A+B 
e AB 

A 
A.+B 

) ,= 

iwe. T A B R A+B}t ¢#$$$$0.&4#$$(3) 
-AB·. A+B + e 

T = A+B 
0 

T B 
0 

A+B 

Now when the count rate has fallen to a steady value, then 

this value wi 11 be the same as that for t=Cb , and if at t=::io, 

T=Z then from (3) 

Z A r= 
0 

A+B 

If a graph is now prepared of log T versus 1 t, a curve 
e 

levelling off to steady value rill be obtained. This steady 

value may be su.btracted from the rest of the curve, lfhere the 

resultant graph will be a straight line. As this steady value 
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TA 
is equal to 

0 , 

A+B 
the straight line wi 11 he correspond to 

the exponential part of the equation (3) and vill be re1a.ted 

31 to the exchangeable P 'B' on the soil. For if this line 
AT 

cuts the i=O axis at x then 
T B 

( 
0 \ 

Z = A+B J has been sulltracted 

0 
from the curve, x = A+B 

Le. x B ( ) 
--T-. = A+ B * * ® • * * * * • • * ® * * • ® * # * 0 * 4 , 

0 

31 
If there are two (or more) types of exchangeable P 

in the$olid phase, then a total of tvo (or more) sloping lines 

will be obtained with intercepts x,y,~, etc$ 

As vas derived earlier, the rate is equal to the specific 

31 rate constant multiplied by the amount of exchangeable Pon 

the soil-solid phase. 

The equation derived for the count rate Tat any time t 

is T A -r = ~ + 
B 

A+B 
0 

e 
R(A+B)t 

AB 
( 3) 

and so the new value T' for the count rateafter the steady 

value 
AT 

0 

A+B 
has been removed is given by 

T' B 
T = A+B e 

0 

- R A.+B)t 
AB vhich on substitution of the value 

for R from the equation (5) gives 

B 
A+B 

e 
-_!j,{A+B)t 

AB Yhich can be -written as 

T ' A+ B Kb ( A+ B )t 
loge( T x -B-) = - --.-,\--- ( " \ -◊$-??&•%·% o, 

o 

Now ti½ is the time that the count rate takes to decrease 

to one half of its original value, and thus equation (6) r~duc.-:s 
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to log (1) = 
e 

(7) 

as - loge i = loge 2--:- 0.693 equati~n (7) can 

Ax 0.693 

be written as 

Kb : (A+B )t½ (8) 

If there are two or more types of exchangeable 31P 

(B,C,D, etc) on the soil-solid phase, then equation (8) •ill 

apply to 'B', Yhere tB' is the type of 
31P that exchanges fastest 

with 31"0 . 1 t. .... 1n sou 10n. To obtain a similar equation for '" r V ' 

the slower exchanging type of 31P on the soil sample, it is 

considered that the rate of exchange of 'C' is so much slover 

than that of 'B' that the exchange of 1C' with 'B' and also rith 

tAr may be considered as indistinguishable. Thus the equation 

for the determination of the specific rate constant K for the 
C 

exchange of 'C' with the rest of the 31P present will be obtained 

by replacing 'B' by 1 cv and 'A' by (A+B) in equation (8) leading 

to 

where t½ now refers to the half-time of exchange of the slover 

exchanging re, type 31p. 

If there are more types of 31P (D,E, etc.) on the soil 

sample their specific rate constant (Kd,Ke, etc.) will be 

given by corresponding equation (9) vb.ere 1 C1 is replaced by 

'D' and (A+B) by (A+B+C) and so on. 

If,after adding 32P to the solution, and replotting the 

data obtained on semi-logarithmic graph paper, a curve is obtained 

that can be resolved into a steady value z, and two straight 

lines with intercepts with axis t=O of x and y, then the soil 

31 sample will have two types of exchangeable Pon it, namely 

'B', 'Ct. 
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W""nen the count rate has fallen to a steady value, 32p 

will be distributed in equlibrium between solution and solid 

phase. If it is assumed that 32P distributed itself in the 

same ratio as then the ratio of the radio activity rill 

be the same as the ratio of the bulk of 31 P present. As the 

final count rate (steady value) is equal to the initial count 

39 
rate minus the amount of -p adsorbed onto the soil, the ratio: 

final count ,steadJ value) and ~3~1_P_i_n_s_o_l_u_t_i_·o_n _______ _ 
ini tia.l count. 3

31
1P in solution + exchangeable 

p 
in solid phase. 

•i 11 be equal. 

31 That is for t•o types of Pon the soil, 'B' and 'C', 

z 
T 

0 

A 
= (A+B+C' 

Ii'$. & • * •• * -,f, * ® ¢. ® * * * ® *.,,, * ® (10) 

When considering only one exchangeable type of 31P the 

relationship x 
T 

B 
= A+B 

0 

was 9btained and in the case of t•o (or more) type of exchange

able 31P this equation •ill be still valid for the fastest 

31 exchanging type of P, as it is obtained from the exponential 

term for the fastest exchanging type of 31P (if there is more 

then one type) by putting t=O in the equation obtained by 

removing the steady value and also the exponential terms for 

any sloYer exchanging type of 31P. 

If the second line corresponding to the 1 C1 type of 

31P, cuts the t=O axis at y, then y will be related to the 

amount of activity and hence to the total amount of exchange

able 'C' type 31P. However, all the activity apart from that 

in •er is 1A1 and 'B' (assuming that the rate of exchanging of 
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tcr nth tAt is much less than that of tB 1 with 'A') and only 

the fraction of this a~tivity in 'A' vill be counted. There-

fore to obtain the amount of 1c• type 31P, it will be necessary 

to multiply y by the ratio A+B 
B 

Then if Bis replaced by 

C and A by (A+B) as in the derivation of equation (9), the 

equation 

J_ 
T 

0 

A+B 
X -r= C 

A+B+C 

is obtained and similar reasoning leads to the equation 

y 

T 
0 

X 
.A+B+C 

A 
D 

A+B+C+D 
$$$#$@¼%¼#&&@•$& (12) 

where• is the intercept of the line, corresponding to a third, 

more slowly exchanging type of 31P, with the t=O axis. even 

As 'A' may be obtained from the determination of 31P 

concentration in solution colorimetrically. 'Bt may be 

calculated from the equation (4). Once 'Bt is kno,rn'C' may 

be calculated from equation (11). If there are any other 

31 types of exchangeable P, the amount of each may be cal-

culated in turn by the use of equation (12) etc. 

(b) Experimental. 

(i) Counting apparatus. (PL.A.TE 1) 

A Ii quid-immersion Geiger tube (20th. Century electronics 
type DM 6) 

(A Sedeco printing unit.) 

A Philips rate-meter No.P.W.4042. 

A Philips electronic counter No.P.W.4032. 

A Philips high voltage supply/amplifier No.P.W.4022 

An electronic quench circuit. 

(A strip chart recorder.) 
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Circulatory apparatus (as sho~n in plate II) 

t··)st f'. · t ,11, e -up o ~he exper1men. 

In compartment C(Plate II) a layer of glass-Yool 

Yas plugged into the narrow end leading to compartment A, 

rithout being tight enough to hinder circulation of the 

solution between compartments. Distilled Yater was then 

added, precautions being taken to ensure that no air bubbles 

were trapped at the glass-wool-water junction. 

A layer of acid-washed sand about¼ in* thick was placed 

on top of the glass-wool and water vas added up to a level 

above the arm connecting compartment C and B. The soil 

sample to be studied was introduced into the compartment c, 

a little at a time with the centrifugal pump rotating at a 

high speed. Due to the direction of current flow, the soil 

sample settled doTil quickly on top of the sand and became 

spread evenly over it. 

The compartment B was fitted with the liquid-immersion 

Geiger counter and compartment A with a glass centrifugal 

pump, -which was connected to an electric rotator at its upper 

end. This controlled the speed of rotation of the pump and 

in turn the rate of diffusi.on, of the whole system. During 

equilibration, liquid in the compartment C was sucked con

tinuously through the soil and the glass-wool into compartment 

A, thence into compartment B There actual counting took place, 

and thence pumped into compartment C, thus completing the 

circulation* The soil was equilibrated for 3 yeeks before 





A 

Liquid 

Counter 

B 

PLAT£ .IT 

C 

Sample 
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adding of 
32

P (Wilson and Shao 1963) 

(ii) Countin procedure&. 

Before introducing the 32P, the whole arrangement was set 

for background counting as well as checking that the counter was 

functioning its plateau voltage. It was critical for the counter 

to be operated in this region because otherwise any slight 

variation of the voltage supply ...-ould ha.d a significant effect 

on the recorded counting rate. As the liquid counter was light 

sensitive the circulating apparatus vas set up in darkened 

surroundings* The liquid counter was connected through a quench 

unit to the high voltage supply/ amplifier which in turn was 

connected to the electronic counter and printing machine which 

is a device by which every tenth (or hundredth etc.) counts 

registered on the electronic counter is recorded as one unit. 

After a suitable interval of time (say 10 minutes) the total 

number of these units was printed onto a strip of paper from 

which were read off when convenienL (alternatively a. strip 

chart recorder may be used instead of a printing machine. In 

this case, the count rate versus time is tabulated in a 

graphical form. A rate-meter is needed permanently in this 

latter case*) 

~ t· 32P t· ·t dd"t' 1 .or coun 1ng _ ac 1v1 y, an a 1 1ona rate-meter was 

introduced. It vas mainly used for detecting the initial count 

rates. After the initial addition of 
32

P, most of initial 

counts vere recorded directly from the rate-meter at suitable 

intervals so that more accurate counts could be obtained. The 

rest of counts were recorded in the printing unit, which had 
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advantage of averaging out the count rates over a. period of 

10 minutes as opposed to a maximum period of time (100 seconds) 

~ith the rate-meter. This enabled a much accurate evaluation 

of the count rates to be obtained, than was possible with the 

rate-meter, provided that the rates were changi.ng slo1rly or 

•ere stationary. 

( ;.·\Cl 1 t· f d t ,~11, a cu a 10n o a a. 

At the completion of each experiment, the figures in the 

printing strip •ere tabulated on graph paper to obtain a graph 

of count rate versus time. This procedure enabled the statisti-

cal fluctuations to be smoothed out. Coinctdence correction 

values and decay rates 1rere added to the values obtained f'rom 

the graph and background values were -:aitbtracted. 

These values were then plotted on a senii-logari thmi c 

graph paper such that a graph of log {count rate) versus time 
e 

was obtained. It was found that in time the count rate fell 

to a steady value z* 

The steady value z was sti~tracted from all the points 

and a new graph •as obtained. It Yas usually found that a 

straight line could be dralfll through the points at the lower 

end of this neY graph. This line was extrapolated to zero 

time and intersected the zero-time axis at y. A third series 

of points Yas obtained by -1srabtracting the values of the line 

through y from that of the points that lay above this line. 

It Yas usually found that a straight line could be dralfll 

through all this series of points, cutting the zero time 

aiis at x. Occasionally it was found necessary to repeat 

the procedure and so obtain a third straight line. 
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7. Assessment of microbial _opulation. 

The addition of phosphate to soils used in the work 

described previously may have affected their microbial 

populations. An increase in microbial activities may exert 

some influence on the results of phosphate analysis. To 

obviate any effect of added phosphate on numbers of micro

organisms in treated soils, an attempt vas made to supress 

populations by application of a toluene-ehter mixture. 

Microbial populations in soils used in the series of experi

ments here reported were assessed by the total microbial 

count method. 

(a) Preparation of soil dilution series. 

A pattern vas prepared for plating of the soils in 

dilutions up to 100 millions. A soil sample veighing 10 g. 

vas placed into a vater blank containing glass beads, and 

shaked for 60 minutes in a horizontal position in a recipro

cating shaker. The bottles were shaken vigorously by hand 

and immediately afterwards 10 ml. were transferred from the 

centre of the suspension to the next 90 ml. water blank with 

4 sterile 10 ml. pipette. Each subsequent dilution vas 

prepared in a similar manner. 

{b) Preparation of media. 

Soil extract was prepared by mixing 1 kg. of garden 

soil vith 1.5 litre tap vater and heating the mixture in an 

autoclave {15 psi.) for 30 minutes. A small a.mount of calcium 

carbonate Yas added and the mixture Yas allowed to cool and 

settle partially. The warm soil suspension Yas filtered 

through a double filter paper in a Buchner funnel which was 
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connected to a vacuum pump. The pH of the soil extract 

was adjusted to near neutrality by using dilute NaOH. Soil 

extra.ct agar ,ras made with: agar 20g. dipotassium phosphate 

0.5 g.; sucrose 0.2 g.; and soil extract 1000 ml. and 

sterilized at 10 psi* for 20 minutes. 

Csapek Dox agar (Oxoid preparation) contained: agar 

18 g.; sodium nitrate 2 g.; potassium chloride 0.5 g.; 

magnesium glycerophosphate 0.5 g.; ferrous sulphate 0001 g.; 

potassium sulphate 0.35 g.; and sucrose 30 g. and 1000 ml. 

distilied water. The pH was adjusted to 6.8-7.0. 

(c) Preparation of pour pla~es~. 

Petri dishes (10 cm. diameter.) were sterilized at 

l05°C for 48 hours. From the three highest dilution one 

ml. of freshly agitated suspension was withdrawn with a 

sterile pipette and transferred to each of 10 petri dishes. 

(5 replicates for each soil dilution •ere used for each 

medium.) Into each seeded petri dish was poured approximately 

10-15 ml of agar media and the plates were rotated carefully 

5 times in the clockwise direction and 5 times in the counter

clockwise direction to mix the agar with the inoculum. Petri 

dishes were left to stand upright until the agar has solidified 

after which they were inverted and transferred to incubators◊ 

(d) Incubation and counting of lates. 

The Petri dishes were incubated at approximately 28°C" 

The first examination vas carried out after 5 days and a 

further record was made after 10 days. Petri dishes shoving 

more than 300 colonies and those showing large spreading 

colonies (over 2 cm.) were not recorded on either dates. 
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The total number of microbial colonies •as recorded on 

plates from all 3 dilutions used and figures reported 

represent final counts. The recorded figures {to the 

nearest whole number) are given on the basis of oven dry

weight of soil samples. 



- 43 -

V. RESULTS AND DISCUSSION 

(a) Forms of phosphate in the untreated soils. 

From the results obtained (Table 3) it is evident that 

in the untreated soils, the phosphate is mainly bound in organic 

forms; aluminium-, iron-and calcium-bound forms are present in 

small amounts only, with none of these fractions shfftring any 

preponderance among themselves with the exception that in 

Tirau silt loam the alt.blinium-bound phosphate is appreciably 

higher than both iron-and calcium-bound forms • The finding 

... 
that.high proportion of the total phosphate is organically 

bound is in accord with the results reported by Jackman (1951, 

1955) and Dixon (1954). Many workers have noted the rapid 

build up of humus in pumice soils under all type of vegetation. 

This is contrary to expection in view of the well aerated 

condition of these soils. A possible explanation may be 

abnormal biological activity, and the formation of clay-

humus complexes which resist decomposition. Gieseking et 

al (1942) have shown that this property of clay to inhibit 

decomposition is most strongly exhibited by clays of high 

cation exchange capacity and possessing a capacity to bond 

basic proteinaceous groups. While experiments Tith allophane 

have not been reported, this mineral would certainly fall 

within the category of clays having high cation exchange 

capacity and on the basis of Gieseking's findings it could 

reasonably be expected to have a stabilizing influence on 

soil humus. Gieseking (1952) has shown that clay minerals 



- 44 -

Table 3. Forms of in the untreated soils 

( mg. p per 100 11:. ·1) S01 

l Soil Soil Total Organic Al-P Fe-P Ca.-P Truo~fC P 

sample layer p p 

Ta.upo Topsoil 55.2 47.2 2.5 2.1 0.9 0.6 
sandy . 
silt Subsoil 

44.3 J7. l 3.8 1.6 0.7 I 
Ngaroma. Topsoil 66.7 58.3 2.7 3.0 2.7 0.1 
sandy 
loam Subsoil 46.1 37.4 1.9 2.4 3.4 I 

I 

Kaingaroa Topsoil 35. 3 28.1 3.9 1.7 l.6 I 
I 

loamy 
sand Subsoil 12.5 5.8 1.5 0.6 4.2 I 
Tirau Topsoil 156.4 94.8 41.8 9.9 10.6 Ll 
silt 
loam Subsoil 58.9 25.8 25.6 7.9 0.2 I 

I 

of high cation exchange capacity can adsorb phosphatase and this 

reduces their capacity to hydrolyze organic phosphorus compounds 

which are not themselves adsorbed. Dixon (1954) also postulated 

that (1) phosphorus occuring in the organic matter may be bound 

through protein groups to a.llophane, or (2) may be present in 

I 
I 

I 
r 
J 

an unbound state but remains undecomposed through the phosphatase 

being inactivated by allophane, Fieldes (1962) also suggested that 

the stable linkage in mineral-organic colloids in yellow brollll 

pumice soils may be between tetrahedral aluminium and organic 

phosphate groupings and that such a linkage may contribute to 

the characteristic slo• decomposition of the humus in these soils. 

(b) The fate of the added phosphate. 

As shown in Tables 4,5,6, and 7, a. high proportion of 

the phosphorus added was recovered as aluminium-bound phosphate 

and even after prolonged contact bet•een the added soluble 

Anion 
F..xcha.1 
Resin· 

0.1 

I 
0.2 

I 
0.1 

I 
0.1 

I 
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phosphate and the soils, there ..-as no indication of significant 

transfer of phosphate to other forms. This finding is contra

dictory to that of Chang and Chu (1961) ..-ho reported that 

soluble phosphate was fixed initially mainly as alWllinium

bound phosphate, followed by iron-bound phosphate and calcium

bound phosphate in this order; as the time of contact was pro

longed, the amount both of aluminium-and calcium phosphate de

creased& They postulated that the first stage of fixation of 

added soluble phosphate by cations would occur at the surface 

of the solid phase and that the relative amounts and kinds of 

phosphate formed would depend of the specific area of the solid 

phase associated with aluminium, iron and calcium. 
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Table 4. Effect of time on the redistribution of add,!d 

Soluble hosphate in Taupo sandy silt. 

{ mg. p / 100 ft.. soi I) 

p treated No. ether No p 

(vith ether-toluene) toluene added -· with 
ether-

Time ( months } tolut~n 

Phosphate Soil 2 4 6 8 10 10 10 
fraction layer 

' 

' Orga.ni c Top soi 1 46.8 46.3 46.5 47.0 45.2 48.l I 45«6 
p 

! Subsoil 39«1 39.9 39.8 41.4 37«6 I ! 37$1 f 
! 
I 

Al-P Topsoil 23.4 24.2 23.9 24.4 25.l 22.3 I 4.9 
' 

Subsoil 22.9 22.9 24.4 24.4: 23.6 I 5.0 

Fe-P 
Topsoil 2.0 1.8 3.1 2.2 2.4 I L5 

I 

Subsoil 2.3 2.4 3.4 2.0 3.4 
I : 

0.7 I 

J 
,l 

I 
Topsoil LI LO -0.2 -0.3 0.6 2.9 l 0.7 

Ca-P i 
Subsoil 0.4 -0.5 -0.9 -LI 0.1 I i OA 

l 
I 

Truog Topsoil 6.1 6.0 4.4 3.5 3.2 3.7 I 0.7 
t available 

' p Subsoil 4.0 3.9 3.6 2.8 2.8 I I I 
I I 

Topsoil 
~ 

.Anion 3.1 3.0 2.9 2.4 L4 l 1 ' 0.1 J. $ .L i 
I 

exchange Subsoi 1 LS 1. 3 Ll 0.7 0.6 I l I 
resin-P I 

i I 

% of added phosnhate recovered as 

Organic Topsoil 3 0.5 L5 4 -5 2 
p 

Subsoil 2e5 6.5 cLO 4 -5 
I 

I I 
! 

Al-P Topsoil 92.5 96.5 95.0 97.5 101 87 00 

Subsoil l89.5 
i 

89.5 87.0 97.0 93 I 
' Topsoil ! '"' 5 1 ~ 8.0 3.5 4.5 0 Fe-P i_:_% t 

... ,i) 

... -

--~---7 -r-1-- t T · ~ \ ~ -
f ',:::rr pc! o ~- J j c; I :?. .. ~:? ; r! • g f :J" i i:; 
t- i ., ; i ' ~ : 

~l ' ' tr~.,;, " 2 [ T .. :· ; T 'i • ., ·) ?,if f ~1·-i ~~., / ... 

----,....---'----_...._---t-.-..... ~·----"---~,."' _______ , .......... __ ,---~--
'! f f 

-----------·--
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Table 6. Effect of time on the redistribution of added 

Soluble in Kain aroa loam, sand. 

(mg. P / 100 g. soil.) 

l p treated No p 
' added 

( with ether-toluene} No ether- 'Ki th 
toluene ether-

toluene 

Phosphate Soil Time ( months ) 

fraction 1 aver 2 4 6 8 '10 I 10 10 

Organic "1 .. .., 
i opso11, 

I 
28.7 28.1 27.7 27.6 26.6 90 -_,..,*o 25.9 

p 
S,••-· Subsoil 4.8 508 5◊8 6.8 5.0 I 4.4 __ ... , .. _, ,, _, ,_ ,,~~ .... -~ I -

Topsoil 23◊1 25.0 24.5 26.9 25.8 22.3 - ,. 
Q4,, •f-

Al-P 
Subsoil 22.0 2L7 2L6 22.5 2Ll ,I 1.9 

Tonsoil 
4 ' 

2.6 2.2 2.8 0.8 l ,.,. 
_,. • I 0.3 1.2 

Fe-P 
Subsoil 0 e: 0.4 0.4 -0.4 LS I 0.3 .v 

I 

Topsoil LI 0.1 2.4 o. 1 L3 3.3 2.3 
Ca-P 

Subsoil - ') 4. 7 4.8 3.7 4.1 I 5.1 G.u ( 

Truog Topsoil 3.0 3.0 <) ,.,. 
'-'? I 2.7 2.5 <) ' 

-· .! 
0.3 

a.vai labLa 
p Subsoil 4 :::;•• :3$9· 3.7 3. ,., 3&4 I I .. ,w V I 

Anion Topsoil 0.9 0.4 0$3 0.3 0.3 0.3 0 ., 
• l 

exchange 
resin-P Subsoil o. 7 0.4 0.3 003 0.2 I f I 

I t I I 
.r ' ··~·~ 

d 04 a e p f' d d h osp h t a e recov,:re d as 

Organic 
'1' . 11 .opso1 ·I 10.5 8.0 6.0 505 -I g i5 L5* 0 

p Subsoil -2.5 0.5 2@5 ,., - -l.5 
I 

; * V f 
I 

1' -; ~ 88.5 98.0 9,5. ,5 110" - 102+0 84.5 _opso~.1. r . - , @ u 
Al-P 

Subsoilh 00. 5 lio3. o l 99.0 98.5 96.0 I 

-•-·"-..---,-,.,•--- ·- --~ .. ~ ....... ·' --- ' ' ... '" ; . 
~- ,, ..... ·-~ ,_, ···- ·~··'" ·- -.~----------·~~·--'""'"-- -·-
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Table 8. Effect of ether-toluene on microbial o ula.tion. 

( No0 of micro-organism (in millionsvg. of oven dry soil) 

Soil Nutrient Ether-toluene treated!No ether-tolue 
dried at dried at 37"'C 
37°C for moist for 3 days, 

sample media 3 days 

Taupo Cza.pek Dox(rich) 31 32 5 
sandy 
silt Soil extract(poor) 9 8 5 

Czapek Dox(rich) * Ngaroma 62 48 300 
sandy 

* loam Soil extract(poor) 34 43 300 

Kaingaroa Czapek Dox(rich) 89 95 37 
loamy 
sand Soil extract{poor) 69 60 32 

Tira.u Czapek Dox(rich) 61 53 36 
silt 
loam Soil extract(poor) 61 36 19 

* Plates densely covered by bacterial colonies apparently of the 

same genus. 

They indicated that the 
i 

clay fraction is the main site of phosphate 

fixation, In the clay, the content of aluminium is much higher than 

that of either iron or calcium. Therefore, the added soluble phosphate 

is most likely to be fixed as aluminium-bound phosphate rather than 

as iron-bound phosphate or calcium-bound phosphate in the initial 

stage of the reaction. However as the solubility product of iron

bound phosphate is lower than that of either aluminium-and calcium-

bound forms, they argued that as time elapsed, the aluminium

and calcium-bound forms of phosphate in soil should change to 

iron-bound forms. 

The fact that in the present investigation no significant 

transfer of initially formed aluminium-bound phosphate is observed 

may have several explanations, but the three following appear to be 

of prin;e importance. 

(i) The clay fraction of these soils contains a high pro-
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portion of amorphous aluminium hydroxide (Fieldes and Svindle 

1954) of' partic1e sJze about 100 i. Thus it provides a high 

specific surface area for adsorption of the added phosphate. 

Amorphous aluminium hydroxide is known to be highly adsorptive 

for phosphate and reaction is rapid (Coleman 1944, 1945; Russell 

and Low 1954; Ellis and Truog 1955; Hsu and Rennie 1962a,b 1 ). 

This component should thus be able to react rapidly with phosphate 

on contact. 

(ii) As sholl'll by the Tamm>acid oxalate values in Table 2, 

the soils contain considerably greater amounts of active aluminium 

that active iron. 

(iii) According to Fieldes' (1962) tetrahedral aluminium 

site theory, aluminium in allophane is held in tetrahedral co

ordinatiou by linicagg through oxygen to silicon. Fracture 

of (-Si 0: ;~.U- linll;ages at the active surface leads to exposed 

(-Si0) 3 ~ Al sites which are electrostatically neutral but due 

to the lack of octet stability, the holes in the uncompleted 

aluminium tetrahedra •ill conveniently house an oxygen atom. 

The valence contributions+¾ from aluminium and+ 5/4 from P 
( 

balance the -2 from O resulting in structural stability. The 

phosphate in tetrahedral coordination with aluminium is thus 

most strongly retained as (-Si0) 3: AJ.""'"-1t H~~l~;~• 

As can be seen in Tables 4,5,6 and 7, no significant 

build up of organic phosphorus was found in the phosphate

treated soils and this was to be expected since there was no 

addition of fresh organic matter. The only possible increase 
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in organic phosphate could occur as the result of microbial 

conversion of inorganic phosphate to the organic form. As 

shoTU in Table 8, there is a difference in microbial counts 

bet•een the toluene-ether treated and the non-toluene-ether 

treated soils. This difference may be attributed either to 

(a) the effect of toluene-ether bringing about a reduction 

of certain groups of the microbial population and allowing 

other groups to survive and proliferate in the absence of 

antagonism and competition or (b) the toluene-ether providing 

a source of energy for surviving forms which would increase 

in numbers as a result of the presence of energy material of 

a special nature viz. the toluene-ether addition. In general 

( as shown in Table 8) the richer medium gave increased 

numbers of micro-organisms. In the non-toluene-ether treated 

soils, except for Ngaroma. sandy loam, the microbial numbers 

are much lower than in treated soils. The anomalous results 

obtained •ith the untreated Ngaroma sandy loam (where numbers 

of colonies irere extremely large in both media and at all 

dilutions), indicate selective effects of the toluene-ether 

treatment. Colonies recorded in tests ,ri th this soi 1 were 

obviously bacterial and appear to be of the same genus. 

{c) Truo -extractable \ , hate and anion exchan e resin 

extractable hate. (Tables 4,5,6 and 7.) -----------------
For Taupo sandy silt and Tirau silt loam, the Truog

phosphate val~es are higher in the topsoil than in the subsoil. 

There are similar amount of Truog-phosphate values in topsoil 

and subsoil in Ngaroma. sandy loam. In all these soils, as 
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time of contact betli·een added phosphate and soil was pro longed, 

the Truog-phosphate values decreased. This rate of decrease is 

greater in the topsoil than in the subsoil, However, the 

initial Truog-phosphate values are lo•er in the subsoil than 

in the topsoil, -with the exception of Kaingaroa loamy sand 

where the Truog-phosphate value is higher in the subsoiL 

This may be due to the higher calcium-bound phosphate content 

of the subsoil as compared with the topsoil of the Kaingaroa 

loamy sand. 

The amount of phosphate extracted by the anion exchange 

resin a.re generally lover than that extracted by Truog's 

reagent. As with the Truog-phosphate values, the ,amount of 

phosphate retained by the resin decreased as the time of 

contact between added phosphate and soil was extended® 

(d) Radio-isoto e exchan~e kinetics on Tirau silt loam(Topsoil) 

The results are shown in Table 9 and Figs.1,2,3 and 4. 

It is evident from Table 9, that the soil phosphate on the solid 

phase can be divided into 3 categoris, according to their rate 

of exchange, namely, rapidly exchangeable, slowly exchange

able and non-excha.rigeable phosphate. These findings are in 

accordance ·rith those of several workers Tho have reported 

the isotopic exchange of orthophosphat·e ions between solution 

and soil, using 32P-phosphate as a tracer. Despite the variety 

of conditions used in such experiments, vhenever the fractional 

isotopic exchange is reported in relation to the time factor, 

total isotopically exchangeable phosphate has been found to be 

me.de up, broadly speaking, of rapidly and slo·.rly exchanging 
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fractions (Barbier et al 1954; McAuliffe 1948; Wiklander 1950; 

Talibudeen 1957, 1958, 1960.) 

In the present investigation, the technique employed 

enables the amount of rapidly and slowly exchangeable phosphate 

to be found. These t•o different forms of exchangeable phosphate 

could be due to t~o different forms of exchange sites present 

on the soil particles. 
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However, it is hard to visualize, that there are only these 

two forms of exchange sites present. In the soil system, 

JJ PO-
~ ')-. ' 

- q. solutiori H2PO 
4 

-SOLID, is a dynamic equali brium, 

which can be considered to result from a number of exchange

able phosphate compounds all of which are exchanging with the 

phosphate in the soil solution. Each individual reaction is 

represented by a given amount of phosphate a.swell as a 

specific rate constant. It has been suggested (Russell et al 

1954; Seatz 1954) that different forms of inorganic phosphate 

in soil will undergo exchange at different rates. Organic 

phosphorus compound exchange only very slowly with orthophosphate. 

(\\'hal and Bonner 1951) Of the two categories of exchangeable 

phosphate delineated in the present study one has a specific 

rate constant ten times greater than the other. However, the 

particular rate constants separated ma:r be averages of several 

constants, because there may be some other reactions which 

overlap each other. 

These el.'.changeable phosphate categories, could probably 

belong to phosphate on adsorption sites of the soil surface. 

Talibudeen (1957) has however, divided the total soil phosphate 

into fractions of widely varying exchangeability as indicated 

schematically below. 



Soil 

Ra._eidl, 

Physically sorbed 

phosphate, phosphate 

held on external 

surface of mineral 

and in macropores, 

labile organic 
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Chemi-sorbed phos- Surface solid 

phate, phosphate layer e.g apatite 

in internal surface crystal, stable 

of mineral and £:::c==r organic phosphate 

micropores 1 labile / 
orga~1l·c phosphate* /' 

phosphate* / 

~", vo, .// 
~ ~/ P04 Intermicellar phosphate 

rapidly exchange of PO. 
E,f, 

Phosphate in soil solution. 

The very slowly exchanging phosphate as presented above, 

probably is not being traced in the present study. This could 

perhaps be found if the rapidly and slowly exchanging phosphate 

were progressively stripped off the soil matrix, until only the 

very slowly exchanging solid phosphate remained. Such a si tua.tion 

could probably develop in the field where plants were grown 

for prolonged periods, without addition of phosphate fertilizer. 

The two forms of exchangeable phosphate found in the 

present study are believed to be due differences in firmness 

of binding of adsorbed phosphate. The firmly adsorbed phosphate 

has a half-life of exchange ranging from 75 hours to 25 hours e 

'the loosely adsorbed phosphate has a half-life of exchange of 

about 1.5-- 2*5 hours, 
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suggesting that there could be a considerable amount of 

exchange b.:,tween adsorhed-H2Po4 and H2Po~ in solution over 

short periods of time. However, the nature of adsorption 

site is not understood. It is postulated that most of the 

exchangeable phosphate is adsorbed on the surface layer of 

inorganic soil particles or the organic colloids or gels* 

Some may be held in the lattice layer or macro- or micropores 

of soil particles. This adsorption may either be chemi-

sorption or physical-:;iorption as postulated by Ta.libudeen 

(1957). The exchangedlil.e phosphate that is physically sorbed 

and that which is held in macropores may contribute the 

rapidly exchangeable phosphate and the chemi-sorbed phosphate 

and the amorphous or crystalline forms may constitute the 

slowly exchangeable phosphate* 

In a soil system, the H
2 

P0-
4 

• : _; 
1
° ,. ~,i :·;,. and H

2
Po

4
·-solid 

~ so u 1., 1 on 

is always in a state of dynamic equilibrium which is 

characterized by a continuous desorption and adsorption, 

i.e., exchange of H2PO~ in solution and exchangeable-H2Po
4 

in solid phase. There is also probably an interchange between 

the rapidly exchangeable phosphate and slovly exchangeable 

phosphate. As shown in Table 9, a.s the time of contact 

between the added phosphate and soil was prolonged, the 

amount of exchangeable phosphate decreased, and the non-

exchangeable forms increased, This could be due to several 

(i) The adsorbed phosphate on the surface layer of soil 

particles or the organic colloids or gels may move to the 

subsurface layer of the particles, through diffusion 
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thus decreasing the amount of exchangeable phosphate. 

(ii) Some of the H2PO~ may come into the solution and be 

.. t t d b Al3+ . • prec1p1 a e y ions eve+ in the solution; alternatively the 

amorphous precipitated phosphatf.; may change to less soluble 

crystalline forms. Some of precipitated phosphate particles 

may act as seeding agents increasing the size Tith time, thus 

decreasing the surface area of exchange and causing a decrease 

the amount of exchangeable phosphate. 

(iii) Some .of the adsorbed phosphate could become tetrahedral-

coordinated with alum1nium and become strongly fixed and thus 

non-exchangeable as described by Fieldes' tetrahedral aluminium 

site theory. 

Irrespective of the mechanism operating, it has been 

shown in the present case that the addition of soluble phosphate 

to Tirau silt loam results in 301; of the total added phosphate 

being in exchangeahle form after four months. After ten months 

this has decreased to 5% of total added phosphu.te. 'rhu.~ it 

would seen likely that small, frequent applications of phosphate 

would he more beneficial to the fertility of the soil than 

annuai ma.ssi ve application. This, however, would probably 

not be an economic proposition hut would certainly warrant 

further investigation particularly in actual field studies 

on the economics of the situation and on the effects on pasture 

of more frequent phosphate applications using different phosphate 

carriers. 

It is of interest that the amount of phosphate in 

solution plus the exchangeable phosphate of the soil is 

higher than that of Truog-phosphate values or that of anion 
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exchange resin extractable phosphate (Tabb: 7 top soi 1 a:nd Ta.bl e 9). 

This shows that Truog's reagent and the anion exchange resin 

extraa:ted only a certain proportion of the exchangeable phosphate, 

possibly the more readily exchangeable forms. Truog's reagent 

may extract other phosphate, but results show this to be unlikel:y. 

If this is the case, the behaviour of soil phosphate may be 

interpreted on the basis of the idea that there are at least two 

forms of phosphate present with different degree of availability, 

one .is readily a.va.ilable, the other less so. This could -well be 

regarded as a means of assessing the soil phosphate potential, 

by studying their rate of exchange and specific rate constants and 

the amount of phosphate in each. Thus one could use specific rate 

constants as an index of rate of phosphate release. The greater th,~ 

specific rate constant, the faster the phosphate removed from 

the soil will be replenished from adsorbed phosphate and vice 

versa* If in a. system, there are a large number of differing 

forms of phosphate with differing degrees of excha.ngeability, 

the system a.s a whole will appear in some degree analogous to 

that of soil water, , d b "' 1 l' · 1 · ( 1 n- - \ as sugaeste v ~cnoa1e d -vno, . 
• __,.,__,, ... " ,f 

The 

phosphate potential will then show a steady change as the amount 

of phosphate in soil is altered. This could well be treated 

39 
by -P-phospha.tf~ as in th,J present investigation. Schofield 

(1955) also emphasized that it is not the amount of available 

P0
4 

in the soil that primarily controls the uptake of phosphate 

by the plants, but the work needed to withdraw it from the 

pooL It is thus the energy levels v.i th which different 

phosphate forms are adsorbed on th~ soil, together with the 

total amount of phosphate that wi 11 characterize the amount 

of plant-available phosphate duriJ>.g the growth period. Blatchet 
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VI. COJ\;CLUSION 

In conclusion, it would appear on the basis of the 

evidence obtained in the present investigation, that aluminium 

is responsible for the fixation of a large preportion of the 

applied soluble phosphate in yellow brown pumice soils* This 

fixation process may involve the adsorption, coordination and 

preciptation of phosphate and possibly eventual crystallization 

as difficul:~ ::tva.ilable aluminium phosphate% Conversion to 

more difficultly soluble forms is suggested by the finding that 

Truog-phosphate values and anion exchange resin extractable 

phosphate decrease with time and that isotopically exchangeable 

phosphate, ten months after the initial addition of phosphate, 

was only 5% of the total phosphate added. This behaviour could 

be due to diffusion of phosphate to subsurface layers and the 

development of definite crystalline phosphate as time proceeds; 

such conversion might be favoured by unusually high concentrations 

of phosphate such as have been employed in present study. 

Whether or not the results of these laboratory studies are 

paralleled in the field using normal rates of phosphate 

fertilizer application is not kno~n. 
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VI I Sill,ll,1.ARY 

A study -was made over a period of ten months of the 

fate of phosphate added to four yello1t bro1m pumice soi ls 

and their subsoils by means of a fractionation procedure 

developed by Fife (1959a,b; 1962,1963, priv. \ 
comm* J * It 

was found that the main portion of the added phosphate was 

fixed as aluminium-bound phosphate and that there was no 

significant interchange of phosphate between aluminium

bound, iron-bound, calcium-bound and organically-bound 

phosphate throughout the period of investigation. 

Truog 1 s phosphate extraction procedure and an anion 

exchange resin method were employed to study the change of 

availability of phosphate over the period. It vas found 

that Truog 1 s reagent extracted a greater awount of phosphate 

than did the anion exchange resin method. However, both 

methods indicated that as time of contact between soil and 

added soluble phosphate was prolonged, the amount of ex-

tractable phosphate decreased. 

The characteristics of the exchangeable phosphate fract.io!! 

in one of the soils (Tirau silt lorun) was investigated by 

application of simultaneous isotopic exchange kinetics. 

It was found that there were two types of exchangeable 

phosphate viz, rapidly (!XChangeable phosphate ,,Ji th a specific 

rate constant ten times greater than the slowly exchangeable 

form. T~e amount of exchangeable phosphate also decreased 

with time, dropping from 30% to 5% of the total added phosphorus 1 

after six months contact. 
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