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INTROillCTION
The problems of fbosphate fertilization have attracted the attention of agronomists, nutritionists, and other biological scientists
due to the importance of phosphorus in animal and plant nutrition.
However, the fundamental behavior of phosphorus in soil systems is not
well understood.

Because of its far-reaching effects, a solution of

a portion of this problem is of importance.
The elucidation of the most efficient soil amendments and cultural procedures enabling plants to attain their maximum growth and
nutritional benefit under the prevailing climatic conditions may be
considered as the responsibility of the agronomist.

With respect to

phosfborus (P), the problem may be divided into two JBrts:

(1) the

chemical form of P in soil systems and (2) the positional effects and
the changes that may take place in the soil.
Studies on movement of various phosphates in soil systems that
have been reported in the literature are largely qualitative.

In most

cases such results, when they were noted, were only a minor JBrt of a
larger study.

The treatments and conditions, therefore, were not

designed for the study of phosphate movement.

There have been few

systematic studies over a wide range of conditi<>ns of those factors
which have been observed to affect phosphate movement.
In the present study, an attempt is made to examine a number of

soil factors that influence the solubilization and movement of P.
factors include (1) amount of leaching, (2) level of applied P, (3)

These

2
synthetic chelate compounds added in the leaching water, (4) decomposing
organic matter, and

(5)

different soils.
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REVIE.W OF LITERATURE

Fhosphorus Compounds in the Soil
Before discussing the reactions involved in P fixation and subsequent immobilization in the soil, a brief consideration should be
given to the naturally occurring soil P compounds ·and to the forms of
P which are added as fertilizers.

percent

P~5'

Soils naturally contain 0.10 to 0.25

and rarely more than 0.50 percent.

Generally speaking,

inorganic P is the preponderant form of soil P, although soils exist
in which as much as

75

percent of the total P is in organic combination.

Almost without exception, the inorganic P exists entirely as salts
of orthophosphoric acid.

These salts can be classed generally as

fluoro-, oxy-, and hydroxyphosphates of Fe, Al, Ca, Ti, Mg, and Mn.
Buehrer (1932'), using ionization constant data for H3 ro4, has calculated that the predominant anion resulting from these compounds in the
Ji! range of most soils wculd H2ro4.
The amount of ' organic P in soils varies from 20 to 3500 pounds per
acre.

The principal group of organic P compounds are the phospholipids,

Illlcleic acids, inositol phosphates,
phoproteins.

11

metabolic 11 phosphates, and phos-

In general, these compounds come from plant and animal

residues and microorganisms and are slowly mineralized to orthoJi:!osphates.
The major raw material for fertilizers is rock phosphate, which is
a composite of many minerals with fluoroapatite [CcaF)Ca4 (ro4> ]
4
dominating.

pre-

This material is sometimes used directly as a fertilizer,

4
although more commonly it is processed into a more soluble form by
treatment with sulfuric acid and sold as superphosphate.
is the major P fertilizer in use in the United States.

This product
In recent

years, with the demand for higher analysis fertilizers, there has been
an increase in the production of concentrated or double or triple
superphosphates.

These uaterials are prepared by treating rock phos-

phate with phosphoric acid rather than sulfuric acid.

The calcium

orthophospha tes are also widely used in mixed fertilizers.

The mono-

basic calcium phosphate, Ca(H2P04)2, which makes up about 80 percent
of the P in superphosphate, is the most soluble of the calcium phosfhates.

The dibasic calcium phosfhate, CaHP04, and the tribasic

calcium fhosphate, Ca3(P04}2, are less soluble in the order mentioned
and, therefore, are not used as :thlquently as the monobasic calcium

Ifldsphate.

In addition to the orthophosphates, orthoiflosphoric acid

is sometimes used in liquid fertilizer formulations.
importance as fertilizers are the Na, K, and

m4

Also of minor

orthophosphates.

The latter two have advantages because they supply K or N in addition
to P.

These compounds also are found most frequently in mixed

fertilizers.
Generally speaking, then, P is supplied to the soil as orthophospmte, an:! this is the most stable form in the soil.

However,

recently the Tennessee Valley Authority has been producing metaphosphate as a fertilizer.

Although this material has not been used

extensively, it compares favorably with superphosfhate and seems to
have a greater residual effect.

Apparently the material must hydrolyze

to orthophosphate before it becomes completely available to plants.
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Movement of Phosphates in Soil Systems
This review is developed chronologically in o rder to portray more
clearly the various concepts and changes that have occurred.
The relative immobility of phosphates in most soil systems has
been known for a long time.

The quantity of phosphate that can be

immobilized by some soils can be appreciated if one examines a study
reported by Crawley in 1902.

It was noted that the addition of 7 tons

of double superphosphate per acre to a dark-colored Hawaiian soil,
followed by irrigation, resulted in more than 90 percent of the phosphate remaining in the first 3 inches.

Practically none of the added

material had penetrated more than 6 inches of soil.

I! irrigation was

deferred for 15 hours after the addition of the fhosphorus, the penetration was halved.

In an effort to saturate the soil with fhosphorus,

Crawley added large quanti ties of phosphates.

The amount retained was

equivalent to 181 tons of acid pho.phate per 3,5000,000 pounds of soil.
Other early workers (D.lsserre and Bieler, 1904; Bear and Salter,
1916; Harper, 1925; Van, 1918) state that, in general, applied fhosphates are retained in the upper 6 inches of the soil.
Schreiner and Failyer in 1906 found the texture of soils to be
important and that the clay fraction was more retentive than the
coarser fractions.

They also noted that Na soils were less active in

phosphate immobilization than Ca soils.
Muntz and Gaudechan (1909) found that P diffUsi on was extremely
slow in soil and that zones of different P composition could exist
in soils for very long periods.

They observed only lateral diffusion

of P when the soil was saturated with water.

6
The results of a survey of the soils of the prairie states of the
United States by Alway and Rost (1916) noted that the P content of soils
decreased with depth and that this was independent of the amount of
rainfall.

A difference in penetration was noted by Harrison and Das

(1921), depending on whether the soil was calcareous or not.

Consider-

able penetration was reported on the non-calcareous soil.
Fraps (1922) stated that heavy rains (3 to 4 inches) occurring
wi~~in

(3 to

10 days after fertilizer application would cause appreciable

4

percent) loss of superphosphate by leaching from sandy soils.

Hall and Kammerman (1926} were able to effect great penetration of P
by large applications of water.

They reported that 82.5 percent of

the applied superphosphate moved below the second foot in an Afri can
soil that analy zed high in iron and aluminum oxides.

They found the

amount retained in the first foot to be equal to 3,700 pounds of superphosphate per acre.

This is approximately the amount which would be

added in 25 years of normal fertilization under their conditions.
Some early lysimeter studies {LYon and Bizzell, 1918), however,
have indicated that the losses of phosphates caused by leaching were
negligible .

Higby (1927) reported losses of 4.8 pounds of P205 per

acre per year.

He stated that the applica tion of lime or manure, or

lime and manure, depressed this loss by one-hall.

Much greater losses

by leaching were observed by Robinson and Jones (1927) under the cli'-

matic conditions in Northern Wales.
Jensen (1929) found little lateral movement from hill fertilization but did report downward movement.
A large number of penetration studies were reported i n the period
from 1930 to 1940 .

The conclusions reached are somewhat varied, but

7
there was, in general, better agreement than might be expected considering the variable conditions encountered and techniques used.

The

following statements seem justified:
1.

Greater penetration was obtained in

light~textured

or loosely-

compacted soils (Waynick, 1930; Stephensen and Chapman, 1931; Pryan,

1933; Thor, 1933; Emslie, 1936}.
2.

Phosphates added as Na, K, NH4, or Mg phosphates gave greater

penetration than calcium phosphates (Waynick, 1930; Midgley, 1931;
Spencer, 1934}.

3. Superphosphates , in neutral to slightly acid soils, gave
greater P penetration than other sources containing a higher percentage of calcium (Brown, 1935; Emslie, 1936).

4. The addition of nitrates or sulfates of
usually resulted i11 greater P penetration.

IH)p Na, K,

and Mg

The addition of calcium

generally depressed penetration (Emslie, 1936; Brown, 1935; Hockensmith, 1933; Midgley, 1931;

Ove~seth,

1933; Weiser, 1933).

5. Certain organic phosphates penetrated the soil more easily
than superphospha tes.

The addition of manure in general increased

penetration (Weiser, 1933; Hockensmith, 1933; Spencer and Stewart ,

1934; Rahn, 1939) .
6. Wetting and drying decreased penetJ:'ation (Pryan, 1933; Low
and Black, 1950}.
7.

The depth of penetration by superphosphate was increased by

localized application and high rates.

Sodium phosphates gave greater

penetration when applied frequently at low rates (Stephensen and
Chapman, 1931; Weiser, 1933).

In

1933 Overseth investigated the move-

ment from l ocalized fertilizer placement into a Carrington silt loam .

8
He fonnd that monocalcium phosphate had moved o r had change d form at
the end of one week.

At the end of 21 days , 80 percent of t he applied

monocalcium phosphate had changed to dicalcium phosphat e.

The remaining

20 percent was largely tricalcium phosphate.
Heck (1934) concluded the greatest P penetration occurred if
soluble Jbosphates were added to neutral or slightly acid soils containing little active iron, aluminum, or calcium.
Thomas (1935), using a Hagerstown clay loam, noted little P
movement.

However, seven years after application, 33 percent of the

applied material remained soluble in distilled water.
Dukes (1935), using a leaching technique, noted that the maximum
concentration of phosphorus in the leachate coincided with the disappearance of calcium.
Scarseth and Chandler (1938) found phosphorus losses due to
erosion on nearly level land to be large.
Wander and Gourley (1939) were unable to demonstrate lateral
movement of P.

However, nnder irrigated conditions, Frazier and

McGeorge (1939) obtained lateral movement in excess of 3 inches.
The work reported in the period from 1940 to 1950 has been largely
concerned with attempts to elucidate the form in which phosphates are
retained in soils.

However, movement studies were stimulated by the

advent of radioactive tracer elements around 1947.

The findings were,

for the most part, in agreement with those of the previous decade.
The relative immobility of phosphates in soil systems containing
free iron and aluminum oxides or calcium carbonate was demonstrated
(Boischot· et ·al., 1946; Das, 1946; Macintire et al . , 1942, 1947;
Neller, 1946).

Gilligan (1941) stated that, in general, superphosphates

9
gave greater penetration than meta phosphates.
Coleman (1949) showed P movement to be a functi.on of the soil P
level, and below a certain critical level phosphates did not move.
Many workers have shown a decrease in phosphorus content of soils
with increase in depth.

Glenworth and Dion (1949) found the reverse

to be true in poorly drained soils.

Iron and aluminum oxides removable

by oxalic acid were found to have the same distribution as the P.
Noteworthy penetration in light-textured soils has been reported
by many workers (Parbier et al., 1946; Converse, 1949; Gilligan, 1941;

Lot et al., 1950; Neller, 1946; Owen, 1949; Beech, 1945; Ulrich et al.,
1947).
The effect of organic materials on P penetration was studied by
Wander (1947) who reported greater P penetration by the use of a wheat
stub"ble mulch.

However, Chaminade and Vistelle (1947) state that the

addition of a calcium humate decreased P penetration.

Sell and Olson

(1946 ) found movement to be directly proportional to the rate of
fertilizer application and to be increased with supplementary watering.
Ensminger and Cope (1947) state that erosion caused losses as
great as 75 percent of the applied phosphate.

The simultaneous use of

lime and Nal'll3 resulted in greater P penetration and less erosion loss.
Ammonium sulfate and sodium nitrate had no differential effect when
applied to the unlimed plots, but ammonium sulfate increased the erosion
loss when applied to the unlimed plots, and ammonium sulfate increased
the erosion loss when applied to the limed plots.
Russel (1950) wrote that phosphates do not naturally move readily
in a soil; and to enrich the subsoil or root zone with P, the phosphate
must be worked directly into the subsoil.

Larsen (1952) has shown

10
radioautographically that no movement of inorganic p3 2 occurred when
it was added to mineral soil, whereas on an organic soil considerable
movement was found to occur.
Bouldin (1954) studied P diffusion in soils.

It was hypothesized

that irregularities in the P distribution curves in soils were due to
periodic precipitation of CaHFQ4.

He also gave the following experi-

mental observations which indicated that CaHro4 precipitates could form
in a periodic manner:
1.

Solutions of calcium phosphates have a strong tendency to

supersaturate with respect to CaHro4 .
2.

A solution in equilibrium with solid phase CaHro4 and

Ca(H2ro4)2 has a Pl of about 1 to 2.

7.5,

As the PJ increases from 4.5 to

the Hro4 concentration increases rapidly because of the ionization

of H2ro4.

This means that if appreciable amounts of Ca are present,

the solubility product of CaHro4, and perhaps the saturation limit as
well, will probably be exceeded in the pH range 4.5 to

7.5,

a range

that includes many agricultural soils.
Bouldin (1954) showed that significant changes in apparent specific
actiTity of diffusing P could be found.

These could be accounted for

by assuming exchange between diffusing p32 and native p31.

Despite such

changes in apparent specific activity, the overall picture of the Pdiffusion obtained from activity JOOasurements was not substantially
different from that obtained by total p analysis.

Large-scale irregu-

larities in the curves relating P concentration in the soil columns to
distance from source were also found.
Spencer and Stewart (1957) examined the penetration of several
added organic P-compounds as well as inorganic P in calcareous Las

11

Vegas loam.

They found that from 88 to 99 percent of the added inor-

ganic P was fixed as compared with only

5

to 20 percent of the organic

form.
Spencer (1957) stated that phosphates are relatively immobile in
most soils.

However, he concluded that some soils are so low in phos-

phate fixing power that added j:hosphates can move rather freely.
Langguth et al. (1957) carried on a soil column study to compare the
chemical availability and movement of phosphates from liquid and dry
fertilizers in four different California soils.

Comparisons of the

chemically available phosphate and migration of the phosphates were
made at various time intervals after fertilizer application.

They

found that the availability of phosphate from liquid fertilizers was
either equal to or greater than the phosphate availability from dry
fertilizers having a highly water soluble phosphate source.

The move-

ment of the phosphate from the liquid fertilizers was essentially the
same as that obtained from the dry fe:!'tilizers.

While it is true that

the quantity of applied phosphate remaining on the soil surface was
greater from the solid fertilizers than from the liquid fertilizers,
the amount of suri'ace phosphate was only a small fraction of the total
applied phosphate.
Tahoun (1962) used water, hydrogen chelate , and iron chelate for
the leaching of a sandy soil having different levels of added superphosphate.

He found that the chelate decreased ion concentration if

low concentration of chelate was used, while ion concentration was
increased if high concentration of chelate was used.

This was explained

to be a sequence of the different mechanisms by which chelates exert
their effect on P.

In the lmr concent.ra tion the major effect of chelate

12
is through decreasing ion concentration, mainly Ca, while in the high
chelate concentration, the major factor is the decrease of the pH of
the medium which encourages P solubility.

He also suggested that mixed

chelate formation took place in each case.
Hannapel et al. (1964) studied the movement of Ca and P ih the
soil solution of a representative calcareous soil.

They found that the

addition of bean and barley residues, as well as sucrose, to soil
colllliilS affected the amount and form of P that moved.

They also found

that all organic matter treatments increased the amount of total P
The significant finding was that this increase was accounted

movement.

for by an increase of organic P in the soil solution.

In contrast,

additions of inorganic P in amounts equivalent to that added in the
plant residues failed to elicit any increase in p movement in the
absence of simultaneous additions of organic materials.

Studies with

p32 as a tracer indicated that a large portion of the organic P came
from the native soil P fraction that had been mobiliz.ad by the microbial
population.

It was also found that the substrate which was afforded

these organisms in the form of sucrose or plant residues was more significant in eliciting P movement than the actual addition of P in the
residue.

After 10 displacements, only 0.37 percent of the P contained

in the plant residue was tecovered, but this represented 26 percent of
the total P found in the displaced soil solution.

No correlation was

found between the total amounts of Ca and P moving in the soil solution,
although Ca movement was also increased by the addition of sucrose or
plant residues.

The role of soil microorganisms as a major factor con-

trolling P redistribution during soil profile development was also
discussed.
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From the preceding review, it is readily seen that many fac tors
affect the movement of phosphorus in soil systems.
The following summary statements awear to be justified:
1.

Relatively rapid movement of phosphates occurred only in

light-textured soils.
2.

.Rlospha te IIXlvement was slight in most soil systems that were

strongly acid or alkaline.

J.

Little phosphate movement was observed in soil systems that

contained appreciable quantities of iron and aluminum oxides.

4.

Greater phosphate movement was noted in soil systems which

were continually wet than i f they were allowed to dry.

S.

Greater phosphate movement was observed when the phosphates

were applied as salts of the monovalent cations or Mg than when applied
as Ca salts.
6.

If the phosphates were applied in a water-soluble form, the

movement observed was roughly proportional to the rate of application.
Retention of Phosj:bates in Soil Systems
A full knowledge of the movement of phosphates in soil systems
cannot be complete until the retention of phosphates by these systems
is thoroughly understood.

The literature on this subject is very

extensive and will be reported only in a summary form.
In order to avoid confusion, retention, when used in this work,
will maan the withholding of phosf:hate ions from aqueous solutions
with no implications as to the ease with which plants may subsequently
recover this P.
The universal occurrence of phosphate retention in soils and the

tre;aendous quanti ties held would rule out any rechanism or soil component that depended on local
limited quanti ties.

occurren~e

or that was present in very

Since early workers bad shown that the fine

fractions of soil were the most active in phosphate retention, it is
necessary to look carefully at these fractions for possible explanations
of the phosphorus held by soil.

The components usually present in the

clay fractions are the clay minerals,along with their exchangeable
cations, and compounds of iron and aluminum.

The implication is not

intended that these are the only components that may or do enter into
phosphate retention.
The reactions of phosphates with iron and aluminum, their oxides,
and hydroxides, have been extensively studied.
Fe and Al as FeF04 and AlF0
to soil systems.

4

The precipitation of

does not fit the observed facts with regard

These salts are quite soluble (Teakle, 1928}, and the

concentration of Fe and Al ions in the soil solution is small (Coleman,
1944; Heck, 1934) over the normal Iii range of soils.

The formation and

precipitation of insoluble mixed salts involving Fe and Al and other
soU cations were postulated by ll'olkoff (1924).

The oxides are gener-

ally regarded as being quite inert in P fixation unles hydrated (Ford,
1933; Peater, 1937; Kelley and Midgley, 1942).

Most investigators

believe that the active Fe and Al compounds are hydrous oxides or
hydroxides.

The reactions with phosphates involve the hydroxyl ions

of these compounds.

The coatings of sesquioxides on the soil clays

seem to play a very active role in P retention (Toth , 1937; Metzger,
1941; Chandler, 1941; Black, 1943; Coleman, 1944).
Haseman and co-sorkers (1950) have recently reported crystalline
salts of the general forms (Al, Fe )F0 •2H o and (H, Na, K, m4) 3FeAlF04 •
2
4
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Iil 2 ) obtained on phosphating hydrous oxides and clay mine ral s .

The

importance of these compounds in fixation of phosphates by soils is not
yet known, but their properties seem to agree with those reported for
Fe and Al compounds in the soil (Cole and Jackson, 1950).
The reactions of phosphates with clay minerals have been the
object of many investigators.
dominated:

Three mechanisms of retention have pre-

(l) exchange of phosphate ions for hydroxyl groups of the

clay cr.rstal (Black, 1943; Dean and Robins, 1947; Dickman and Bray,
1941} Ford, 1933; Heck, 1934; Stout, 1939); (2) retention by a clayexchangeable cation-phosphate linkage or

0 saloid-bound"

phosphate

(Allison, 1943; Parbier et al., 1946; Ravikovitch, 1939; Scarseth,
1935); and (3) decomposition of the clay and subsequent reaction of the
released Al compound with phosphate (r..,.,. and Black, 1950).
Exchangeable cations have been shown to affect j,Xlosj,Xlate retention.
Postulated mechanisms are linkage with the clay through a cation, or
the exchangeable ion may serve as a source of ions for chemical precipitation.

Studies of ions in soil solution have indicated that there

are cations which will precipitate phosphates' over most of the nonnal
pH range of soils (Teakle, 1928).

The possibility of these cations

being present universally in concentrations great enough to produce the
observed effects seems highly improbable.
Since phosphates are normally added as the Ca salts, and since Ca
and H are the most likely to be found on soil colloids, the explanations involving Ca as a dominant factor in phosphate retention would
seem creditable.

A large number of workers have reported a greater p

retention with Ca than with any other exchangeable cation normally
found in soils.

Although statements that Mg would probably behave
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similarly to Ca appear in the literature, actual experimentation has
not verified this.

Magnesium behaves similar to the monovalent cations.

If the exchangeable cations are removed under conditions of short
contact with dilute acid, the soil or clay will have lost, for the most
part, its ability to retain phosphates (Barbier and Chabannes, 1949).
Thus, it is seen that for short time experiments (phosphates in contact
for a few hours or less) exchangeable cations are necessary for phosphate retention (Barbier and Chabannes, 1949).
Workers have generally agreed that reactions of phosphates with
Fe and Al (whatever their chemical form or mechanism involved) predominate in acid soils, and the reactions with the exchangeable cations
(principally Ca) predominate in neutral and alkaline soils.

The estab-

lishment of equilibrium of phosphates added to soil systems is very
slaw.

According to Barbier and Chabannes (1949), this occurs in two

phases.

The first, which is attained rapidly, is the reaction of

phosphates with exchangeable cations.

The second, which does not

attain equilibrium in several months or possibly years, is with the nonexchangeable Fe orAl.

Seatz (1949) postulated that the slow reaction

was due to diffusion of the phosphate ion into micro-aggregates or
crystals.
Complete agreement on the mechanism of phosphate retention in
soil systems has obviously not been attained.

There is little doubt,

however, that Fe, Al, and Ca, in various chemical forms, are extremely
important.
Reactions of Monocalcium Phosphates with Soil
Since monocalcium phosphate monohydrate was used as the P source
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in the current experiments, it is appropriate to discuss its reactions
with soil.
Lindsay and Stephenson (1959) worked on the m ture of the reations of monocalcium !XJ.osphate monohydrate , Ca(H2ro4)2•R20, in soils.
They said that since monocalcium phosphate monohydrate (MCP) is the
major component of superphosphates and is often present in mixed fertilizers, it is important to know what happens in the immediate vicinity
of a band placement of this salt in soil.

They also illustrated the

processes taking place upon dissolution of monocalcium !XJ.osphate in
water by the following reactions:
Ca(H2ro4h·HiJ

e

CaHro4 + H3 ro4 • H20
m~-

Ca (H2ro4)2 ·H~ + XH 20 stilile CaHro4 •2H 2o + MTPS

X

< 13.3

where MTPS was the solution in metastable equilibrium with monocalcium
!XJ.osphate and dicalcium phosphate dihydrate.

TPS was the solution in

equilibrium with monocalcium phosphate and anhydrous dicalcium phosphate.
Lindsay and Stephenson (1959) worked further on the nature of
reactions of MCP in soils.

This work dealt with dissolution and pre-

cipitation reactions involving Fe, Al , Mn , and Ca.

Their experiment

was designed to stimulate chemical conditions that may occur in soil
surrounding a dissolving granule of mooocalcium phosphate.

TPS

(triple point solution), the solution in equilibrium with MCP and
anhydrous dicalcium phosj:bate, was reacted with successive increments
of Hartsells fine sandy loam (pH 4.6) and Rosebud loam (pH 7.6).
Reactions of soil with TPS (pH 1.01, 4.50

!!

P and 1.34 _!:! Ca) resulted
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in the dissolution of Fe and Al, Mn, Ca, and other constituents from
the soil.

As successive soil increments were contacted by the solution,

simulating its movement from a fertilizer granule, the dissolution proceases continued and the

PR

of the solution increased,

The solution

soon became supersaturated with respect to certain phos;hate compounds
and the phos]ilorus compounds slowly began to precipitate.
reactions with Hartsell soil, Al in solution reached 0.7
and Mn 0.009

M•

M'

furing these
Fe 0.2

~'

With Rosebud soil, the concentrations of Fe and Al

were slightly less.

TPS in contact with soil dissolved Mn more readily

than Al, and Al more readily than Fe.

With time and rise in pH, the

precipitation of these cations was in the order Fe> Al > Mn.

Most of

the filtrates obtained from reaction of soil with TPS precipitated
solids upon standing.

Some of these solids were identified by micro-

scopic and X-ray analyses as crystalline Fe, Al, or Ca phosphates,
while others were colloidal, amorphous precipitates that were not
identifiable by these methods.
Lehr and Brown (1958) applied the phase rule to the chemical

behavior of MCP in soils.

In their work they found that when a granule

of MCP dissolves in a soil system, the fraction, f, of the phosphate
left at the site of the granule as a dicalcium phos]ilate, CaHRJ4, or
CaHRJ4 • 2H 20, was shown by the relation
f

(1 - R)

- T2"=RJ

where R, the mole ratio of Ca0/P2o in the composite solution removed
5
from the granule, could be determined experimentally or estimated from
phase-rule data for the system CaO-P205-H:P·

The composition of the

solution leaving the granule approximates the invariant-point solution
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in equilibrium with Ca(H 2F04) 2 .H 2o and either CaHF04 ~the stable invariant point) or CaHFOh • 2H 2o (a metastable invariant point).

They also

reported that experimental data from the literature suggest that a
residue of CaHF04 will contain some 28 percent of the P.

Also experi-

mental data were presented from which a residue of CaHF04•2H 20 was
predicted to contain about 21 percent of the P.
Lehr and Brown (1958) made additional studies where tablets con-

taining MCP were placed in several soils and observed directly.
Petrogra!ilic examinations and supporting chemical studies gave infonnation on chemical reactions associated with the dissolution process and
on the transport of material to and from the tablet--factors that bear
upon the distribution and chemical combination of P and thus upon
agronomic response.

Their results suggest that capillary flow was a

principal mechanism in the movement of phosphate solution away from the
tablet.

Vapor-phase transport of water to the tablet apparently con-

trolled the rate of dissolution.

A significant part of the P remained

at the tablet site as dicalcium phos!ilate, !lWlydrous or dihydrated.
The dissolution process was affected by soil type, soil moisture content, humus content, microbiological activity, capillarity of soil and
tablet, time, and temperature.
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FRELIMINARY EXPERIMENTS

Materials and Methods
First experiment
This experiment was designed primarily to determine some of the
important soil characteristics such as rate of water flow, extractable
Ca, Kg, P, electrical conductivity, and Pff.

Soils were air dried,

>assed through a 2 mm sieve, and thoroughly mixed.

Some chemical

and physical properties of the soils used in this study are shown in
Table 1.

Only Millville silt loam, Panguitch silt clay loam, and

Lewiston sand were used in the preliminary experiments.
The Millville silt loam soil obtained from Greenville, Utah, is a
calcareous soil, and was selected for this study because considerable
work has been done on it at this station.

It was found to have an

intermediate fixing power for P (50 percent) (Breland, 1963·).

The

extractable iron from Millville silt loam was com>aratively 1~ (Allan,

1961).
The Lewiston sandy soil was brought from Lewiston, Utah, where it
is common and found as a medium lake terrace.
soil.

Again it is a calcareous

It was selected for this study in order to show the effect of

tex"blre on P movement and because it also was intermediate in fixing
P (51 percent~)
'lhe·. Panguitch silty clay loam is a P deficient calcareous soil
brougJ.t from southern Utah.

The most important characteristic of this

2J..

Table 1.

Soil
type

Some physical and chemical properties of the soils used i n
this stud

Location

Iii
paste

0.3
bar
moisture CEC

p

fixExchangeable
ing Organic
p
Ca
Fe power matter
me/
lb/A
% 100 g lb/A xlo3 lb/A %
%

Millville
Greenville,
silt loam
Utah

7.4

21

14

85

16

130

50

1.2

Warm
Springs
Lewiston,
sandy loam Utah

8.2

23

10

11

14

100

85

1.5

Brigham
Brigham
sandy loam City, Utah 7.2

22

17 122

9

ll60

25

3.1

Panguitch
silty
Panguitch,
clay loam
Utah

7.8

22

17

8

12

166

87

2.1

Lewiston
sand

8.3

6

5

18

3

433

51

0.5

Lewiston,
Utah
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soil is that it exhibited the highest P fixation (87 percent) of all
the soils studied.

The major aim in including this soil was to have a

soil with a very high P fixing capacity and to study this soil characteristic on P movement.
Soil columns were set up in the laboratory in cylindrical, transparent plastic tubes, 25.3 inches high and 2.3 inches in diameter.

The

bottoms of the columns were plugged by two filter J:apers enveloped by
two sheets of cheesecloth fixed around the outside of the tubes with
tape.

The tubes, placed in a funnel, were held vertically by a

'wrette clamp.

Sieved soils (1966 g) were used to fill the tubes to

within 2 inches from the top.

Sufficient water was added to result in

a total moisture suction of 0.3 bar, as previously determined on a
pressure plate.

Leaching of the soils was then done by adding dis-

tilled H2o.
To minimize evaporation from the leachates that collected in
flasks under the funnels, the top of the receiving flasks was covered
with parafilm with a hole in the center to admit the funnel stem.
The tops of the columns were covered by round plastic discs.

The

leaching water was added slowly to the top of the soils in amounts
equal to 200 ml.

I.eachates were collected every 12 hours for a total

of six times and then filtered to remove any traces of very fine
particles.

The leacha tes were analyzed for the water-extractable Ca,

Mg, Fe, and P.

The j:ii of the leachates was determined.

Second experiment
This experiment was designed to compare the amount of p movement
with water or a chelating agent such as ferric ethylenediamine
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(di-<l-hydroxypherzyl acetic acid) (Fe -EDIHA).

The P wa s a dde d a s a

relatively insoluble P compound (tr.l.ca).cium phosphate).

The Fe-EDDIIA

was used to see if such a compound might aid in mobilization of the p
by forming a mixed chelate (Bogucki, 1962).

Tricalcium phosphate, at

the rate of 100 lb. P/acre (0,348 g/ column), was mixed with the top 2
inches of soil in each column,

Soil per column was 650 g.

Columns

used here were different from those used in the first preliminary
experiment.
diameter,

These columns were 17 inches long and 1.7 inches in
The set up of the columns and the rest of precautions taken

were the same as those in the first experiment.
Leaching was begun by initially adding the amount of each leaching
agent required to completely saturate the soil, and then making further
additions to gj_ve five separate leachings that were equivalent to an
irrigation of 6 acre inches (200 ml) of either water or 0,001 percent
Fe-EDil!A.
Analysis of leachates was made for Ca, P, pH, and electrical conductivity.

l'he phosphorus content of the first and last leachates was

also determined.
After 'the leachings were completed, the plastic columns were
opened along the side and soil samples were taken from each soil at a
depth of ;~, 6, and 12 inches, oven dried, and analyzed for p,

After

digestion of the soil samples with a HN03"'f!Cl0
filtrate was determined (Jackson, 1958).

mixture, P in the clear
4
The colorimetric procedure

used he:re was that of the chlorostannous reduced molybdoJ:hosphoric blue
color in sulfUric acid media,

Results and Discussion
First experiment
Results of the analysis made on the six leachates obtained in this
experiment are shown in Table 2.

Th.e electrical conductivity measure-

ments for the water leachates showed a gradual decrease with time.

The

higher electrical conductivity obtained in the first leachate is due to
the solubilizing of most of the salts with the water.
firmed by the results obtained from the Ca and )lg

This was con-

determi~tions.

Water,

having a high dielectric constant and being polar, might break down
most of the soluble cationic and anionic complexes present in the soil.
This will be followed by direct movement of cations in a soluble form.
The gradual decrease in electrical conductivity was achieved when most
of the soluble salts were leached.

This could also be attributed to

immobilization of some of the soluble salts (cations) as they pass
through the remaining part of the soil columns.
fixed as simple cations or as complex forms.

There they could be

The reaction (p!) did

not show any change with time.
Phosphorus content of the various water leachates collected from
llillTille silt loam soil showed a general increase in the quantity of
P leached.

This increase in P leached with time is probably due to the

fact that there was a longer time of contact between the water and soil
compounds containing P. Water was able to break the bonds that hold P
in these complexes, and then further mobilization is probably responsible for this observed increase.

The slight decrease that was observed

at the fifth leachate might be due to the solubilization of more and
more ions, especially Ca and Mg, which could cause immobilization of
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Table 2.

Chemical analysis of six successive leachings of 200 ml of
water when passed through Millville silt loam, Panguitch
silty clay loam, and Lewiston sand to which no P was added

Soil

Leachate
no.

EC
Mmhos/cm

Ca
me/1

Mg

p

me/1

ppm

pli

Millville
silt loam

1
2
3
4
5
6

2.7
0.9
o.6
o.5
o.5
1.4

28.4
7.4
4.8
3.7
3.7
3.7

8.4
2.6
1. 7
1.7
1.4
1.2

0.67
0.71
o.88
0.88
0.84
o. 75

8.6
8.3
8.5
8.6
8.6
8.4

Panguitch silty
clay loam

1
2
3
4
5
6

0.7
0.4
0,4
0.4
0.3
0.3

4.8
2.8
2.3
2.5
2.1
2.0

2.7
1.8
1.6
1.5
1.5
1.4

o.o4
0.04
0.09
0.09
0.09
0.09

7.9
8.0
7.9
8.2
8.2
8.2

LeJriston sand

1
2
3
4
5
6

0.4
0.1
0.2
0.1
0.1
0.1

1.9
0.5
0.6
0.6
0.7
0.6

1.0
0.4
0.3
0.5
0.4
o.4

1.94
1.80
1.23
1.06
0.97
0.97

6.9
7.4
7.2
7.4
7.6
7.6
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the phosphates.

There is also evidence that phosfhate ions can be re-

tained on soil through exchangeable Ca.

Naftel (1936) thought that

this type of adsorption could take place up to about PH 6.5, but that
at higher PH values tricalcium Fhosphate or apatite is precipitated.
Other workers have postulated that exchangeable Ca can retain phosphate
at

PH

values as low as 4.0 (Allison, 1943; Barbier et al., 1946;

Scaraeth, 1934) or below (Perkins, 1947).

Coppenet and Hebert (1949)

have put forward the suggestion that in calcareous soils the initial
reaction of P retention is an adsorption on to the surface of Caco

3

particles rather than direct precipitation as an insoluble phosphate.
The immobilization of P may be also due to Fe and Al.

It is now

established that Fe and Al hydrous oxides can sorb j:hospha tes under the
conditions that normally exist in soils.

This has been demonstrated

with hydrogels (Ghosh, 1930; McGeorge, 1931], with ferric hydroxide,
and with soluble Fe and Al (Mattson, 1930; Miller, 1928).

Iron and Al

present in soil organic matter may also have contributed to such P
innnobilization (Yaksman, 1938).
Chemical analysis of water leachates collected from the Panguitch
soil gave the lowest P reading among the three soils.

This was ex-

pected, since this soil was of the highest P fixing power of all the
soils.

The Pin the last four leachates (0.09 ppm) was found at con-

centrations which were more than double that found in the first two
leachates (0.04 ppm).

The low P detected in the leachates in this

case was probably the result of many factors.

The most important one

is the high P fixing capacity of this soil.

This again is attributed

to high Ca, Fe, and organic matter content.

The constancy in P moved
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in subsequent leachates was due to reaching an equilibrium condition,
wherein the same quantity of P was leached every tiJOO.

The explanation

given for the case of the lo!illville soil holds true for low P mo-vement
in the Panguitch soil, too.
Initially the Lewiston sand had more P than the Panguitch soil and
much less than the Millville soil (Table 1).

It showed much more P,

however , in the leacbates than either of the other soils.

The highest

P value was detected in the first leachate, after which there was a
successive decrease with leaching.

The higher P leached here was

mainly due to the coarser texture of this soil, and the fact that the
soil had a lower P fixing capacity.

It also has the lowest CEC

(5 me/100 g) which might also have some effect on the amount of P
fixed.

The decrease in P leached in the later leachings might be due

to the immobilization of Pas Fe and A1 complexes, since with this
soil there occurred the highest quantity of extractable Fe
acre).

(433 lb/

Though this soil has the least quantity of Ca, this cation may

have played a very important role in P immobilization.

The mechanisms

of fixation by Ca, Fe, and Al are explained in the case of the Millville
s oil.

Second experiment
The data obtained from the chemical analysis of the water and FeEDIEA leachates are shown in Table

3. These results show that the ;:H

of the leachates was higher when Fe-EIJIHA was used than when H2o alone
was used.

This was especially true for the first leachate in the case

of the Panguitch soil, for the first three leachates for the Lewiston
sand, and for all leachates for the Millville soil.

Electrical
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Table 3.

Chemical analysis of five successive leachings of 200 ml each
of water or 0.001 percent Fe-EDmA when passed through Millville silt loam, Panguitch silty clay loam, and Lewiston sand
to which P was added at the rate of 100 lb. P/acre as tricalcium phos!Da te

Soil

Millville
silt loam

Leachate
!:!!
no.
H20 Fe-ED!lfA

l
2

3
4
5
Panguitch silty
clay loam

l
2

3
4
5
Lewiston sand

l
2

3
4
5

ECe
H2o Fe-ED!lfA
Mllihos

P content
H20 Fe-ED!lfA
Mmoles/100 g
x lo-3

1.6
0.6
0.4

7.0

12.1

3.1

4.2

4.1

4.8

0 .1

3.9

6.0

10.0

0.3

6.8

8.0
8.2
8.o
8,0
8.0

8.4
8.4
8.5
8.4

0.3
0,3

1.8
o.8
o.8
0.4
0.4

7.7
8.2
8.3
8.0
8.5

8.1
8.2
8.2
8.2
8.5

0.7
0.5
o.4
0.4
o.4

o.8
0,6
0.6
0,6
0.5

6.9
7.4
7.8
7.9
7.9

7.5
8.0
8.1
8.0
7.9

0.6

0.3
0.3

0.8
0.4
0.4

0.2
0.2

0.3
0.3

8.5
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conductivity was maximum in the first leachates.

There was a little

more salt obtained in the leachates where Fe-EDIHA was used.

The high

EC readings in the first leachates, with the gradual dec rease in successive leachates, can be explained by the same reasoning that was
given for results of the first experiment.
The most striking low values obtained for P in the leacha tes
(H~ and Fe-EIJil!A) were primarily due to the relative insolubility of

tricalcium phosphate under the conditions of the experiment.

It was

expected that Fe-EDil!A might fonn a mixed chelate involving phos!Xla tes,
and that this might move the P deeper into the soil.

Although analysis

of the leachates from the Fe-EDDHA treatment gave very low P values,
this does not exclude the possibility that mixed chelates might have
been formed.

These may have moved deeper into the soil where changes

in the soil conditions which favor mixed chelate stability may have
resulted.

Then the chelates may have been disrupted by dissociation

or hydrolysis which led finally to P immobilization.

This is supported

by Iallace (1962) and Wallace and Lunt (1956) who reported the possibility of clay fixation of chelates.

They suggested that the chelate

fixation is a linkage of chelate to metal to an exposed o:xygen on the
clay.
In general Fe-EDOOA leachates contained more P than did the water
leachates, and the reason is as mentioned above, the possibility of
mixed-ligand chelate formation and its subsequent greater mobilit,r.
Determination of P in the leached soil columns (Table 4) showed
that most of the P was still in the top 2 inches of soil where it was
applied initially.

However, the data also showed there was a gradual

P decrease with soil depth.

Generally P detected in the Fe-EDIHA
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Table

4.

Chemical ar~lysis of s oil samples (Millville silt loam,
Panguitch silty clay loam, and lewiston sand) for P after
soils had been leached with 200 ml each of H:>() or 0.001
percent Fe-EDDHA, followed by sectioning at ttifferent depths
P content
Fe-EDmA
Mmc!les/100 g

Soil

Depth
inches

H20

Millville silt loam

2
6
12

3.8
2.7
2.5

5.7
3.2
3.0

Panguitch silty clay loam

2
6
12

2.9
2.0
2.5

2.0
2.3

0.9

2
6
12

3.5
3.3
3.2

5.3
3.3
2.5

Lewiston sand

treated soils showed that there was a greater P movement here than in
the case of the H2o treated soils.

Since those soils are calcareous,

it is assumed that the hinderance of P movement in soils was mainly
due to the P immobilization by adsorption, precipitation, or anion
exchange (Ravikovitch, 1938).
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MAJOR EXPERIMENTS

In the first major experiment two calcareous soils, namely Kill-

ville silt loam and Warm Springs sandy loam, were used.

In the second

experiment a third soil, a noncalcareous Brigham sandy loam, was also
used,
The Warm Springs soil was obtained from lewiston, Cache area, Utah .
The P fixing power and native P content of this soil were almost like
those for Panguitch soil.

It was selected over the Panguitch soil for

this study because it was lighter in texture.
It was f e lt that it was necessary to include a noncalcareous soil
in the studies on P movement.
was selected.

For this reason the Brigham sandy loam

It was brought from east of Brigham City where the field

was in swmner fallow,

This soil is also characterized by having the

least P fixing power (25 percent) and the highest cation exchange
capacity (CEC) of all the soils used,
Methods and Procedures
Preparation of labeled monocalcium phosphate
The radioactive phosphorus, p32, used for the first major experiment was provided as P04 in weak HCl solution,
was 8o.7:!: 3 percent mc/ml.

The

p3 2

concentration

To the initial volume obtained (0,15 ml),

10 ml of distilled water was added and mixed well.

Monocalcium phos -

phate (7.478 g) was dissolved in 400 ml distilled water and then added
to the 10 ml of the radioactive P solution,

Th~ mixed solntion was

32
aJ.lowed to evaporate at 30 C on a steam bath.
dQ,Ile to ensure homogeneous mixing of p3l and

Frequent stirring was

pJ 2

forms.

The mixed

material had a sp3cific activity of 2 .1 x 103 cpm p3r p.g p.

The re-

sulting crystals were broken down into finer ones for ease of handling.
Separate weighings of 0.467 g were added to each column to give a rate
of 100 lb. P/acre.
Tn the case of the second exp3riment, two separate shipments of
radioactive phosphorus were obtained because of the time interval involved.

Both were also provided as F04 in weak HCl solution.

The

first batch had a p32 concentration of 33.7:!: 3 percent mc/ml.

To the

0.9 ml solution obtained, 9.1 ml of distilled water was added and well
mixed.

The MCP (24.318 g) was dissolved in 300 ml of distilled water

and mixed with 8 ml of the p32 diluted solution.

This resultant mix-

ture of p32 and p3l was then allowed to crystallize on a steam bath at
30 C with frequent stirring.
ground to a finer size.

Again the newly formed crystals were

Separate weighings of 1.158 g of this salt

were added to each column to give a rate of 250 lb. P/acre.

Specific

activity of the resultant salt was 1.8 x 103 cpm per p.g P.
The second batch of p3 2 solution (as F04 in HCl) had a concentration of 102.45:!: 3 percent mc/ml.

To the initial volume ((),15 ml),

4.85 ml of distilled H2o was added and mixed with the required amount
of monocalcium phosphate (8.85 g) to give the same millicuries per
P.

)lg

The handling of the mixed solutions was the same as described

with the first batch.

The same amount of salt was added to each

column to give 250 lb. P/acre .

This second batch was used for the

organic matter treatment that was allowed to incubate for 3.5 months.
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Preparation of soil columns
Two thousand three hundred g of t he a i r dri ed soil was placed in
vertical plastic columns 12 inches long by

4 inches diameter. The

bottoms of the columns were covered by two filter papers enveloped by
two sheets of cheesecloth fixed around the outside of the columns with
tape (Figure 1).

Precautions to minimize evaporation from the collected

leachates and the rest of procedural details were as described in the
preliminary experiments.
First experiment
The soils (Millville silt loam and Warm Springs sandy l oam) were
trea~ed

acre.

with labeled monocalcium phosphate at the rate of 100 lb. P/

Some columns also received alfalfa at the rate of 2 t ons (dry

weight) per acre.

The organic material and P were mixed in the upper

inch of soil (300 g).

The organic matter treated soils were allowed

to incubate for one month under moist conditions before any leaching
was started.

To start the leaching the amount of water calculated to

just compl etely saturate each soil was added.

Further leaching was

done by adding 250 ml of either water or 0.001 ~ EDTA and repeating
the additions at 2-day intervals for a total of ten displac ements.
Second experiment
Three soils (Millville silt loam, ll'arm Springs sandy loam, and
Brigham sandy loam) were treated with labeled monocalcium jioos!Date at
a rate of 250 lb. P/acre .
of

5

Some columns received alfalfa at the rate

tons (dry weight) per acre .

In this case the organic

liB tter
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Figure 1. Transparent plastic column for soil solution
displacement study
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(alfalfa) was incubated separate from the soil under moist conditions
for two time periods, 1 month and

3.5

months, respec tively.

ture of 30 C was kept constant during the incubation time.

TemperaThe organic

material and labelled P then were also mixed with the top inch of the
soil in the columns.

In the other soil columns the labelled P was

mixed with the soil in the top inch of the column.

After ocmplete

saturation of the soils with water, leaching was done by additions of
250 ml of either water or 0 .01 M EDTA.

This was repeated every othe r

day for a total of ten leachates.
Analytical procedures
The movement of P was followed by chemical analysis of the leachates for p31 and by counting the p32 i n subsamples of the soil from
the 8-inch columns.

To minimize hydrolysis of organic P and terminate

microbial activity, 10 ml of concentrated HCl was added to each leachate
as it was collected.
color method in

H~04

(Jackson, 1958).

The chlorostannous-reduced molybdophosphoric blue
media was adopted for the chemical analysis of P

This method was chosen because it has a high sensi-

tivity per unit of P present, and because it provided for non-interference from cations and anions present in the leachates.

After the

leaching was over, the soil columns were allowed to dry for a week.
Then the soil cores were set on a tray and the soil slid out of the
plastic tube.

Special care was taken to eliminate any physical transfer

of P by sliding the columns without any force.
Subsamples were taken by sectioning the soil column at every onefourth inch until the third inch, and then at every one-half inch for
the remaining length of the column.

These samples (10 g) were oven

36
dried at 100 C, ground to a fine powder, and mixed well.

One gram of

each sample was weighed in a tin planchet , spread evenly to minimize
self absorption of the

~-radiations,

and then counted.

The counter

used was a geiger counter (Nuclear-Chicago model 165 scaling unit).
Controls were set up where the soils, organic
solutions were the same but no P was applied.

liB tter,

and leaching

Chemical determination

of Pin the control leachates was made and this value subtracted from
that obtained for the treated soils to take care of the native soil or
organic P leached out.

Thus in all cases the P found in the control

leachates was subtracted from the P found in the corresponding individual leacha tes where P was applied.
Results and Discussion
First major experiment
Chemical analysis
Millville silt loam.

Chemical analysis of the water leachates

showed that in the Millville silt loam soil there was considerable p
movement only in the first five leachates (Table 5 and Figure 2).
After a drop in P level during the sixth leaching, the remaining
leachates gave almost the same amount of P.

The high quantities of P

obtained in the first two leachates was probably due to less time of
contact between the applied P and the soil particles.

As a result of

this short time of contact, more P had a chance to move without being
fixed by precipitation or adsorption on the clay complex.

After the

second leaching, the sudden decrease in P that was observed could be
due to the fixation of P by the above-mentioned reactions,

As the
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Table 5.

Phosphorus content obtained in 10 successive leachings of
250 ml each of water or 0.001 M EDTA when passed through
Millville silt loam soil columns to which P was added at
the rate of 100 lb. P/acre as the monocalcium salt

Leachate no.

H20
.)lg p

)lg p

H20a
jlg p

1

182b

15lb

4ob

2

200

20

44

3

147

19

25

4

145

12

25

5

154

10

24

6

39

11

39

7

44

10

54

8

39

5

54

9

29

8

64

10

28

0

63

EDTA

as oils treated with alfalfa and allowed to incubate in moist condition
for 1 month before leaching with H2o.
bAverage of two replications .
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Figure 2. Influence of various treatments on the ~antity of p
leached from Millville silt loam when P was added at 100 lbs. P per
acre foot
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time of contact was increased, more and more P was immobilized until
the sixth leachate was reached, where a steady displacement of P
occurred.
The retention and immobilization of P on the clay particles is a
process that is accepted by some workers (Hibbard, 1935; Owen, 1947)
who have stated that the retaining power of soil for phosphate lies in
the finer mineral fractions, especially the clay separate.

Compound

formation between phosphate and other inorganic soil constituents may
also play a part in P immobilization.

It has been found that silica

hydro gels can retain some of the phosphate from a solution of monocalcium phosphate (Ghosh and Bhattacharyya, 1930; Starkey and Gordon,
1922).

This was explained by Ghosh and Bha ttacharyya as being due to

the adsorption of phosphate through the Ca ions ..tJ ich are held by the
silica gel.

It was also reported that Ti and Mn could contribute to

the precipitation of phosphates (Teakle, 1941; Pugh, 1934).

In addi-

tion to all these reactions which may hinder the movement of P is the
rapid conversion of the soluble monocalcium phosphate to the relatively
insoluble di- and tricalcium phosphates (Gerlach, 1895; Joulie, 1880;
Schloesing, 1900).

Those workers have also stated that tricalcium

phosphate could be formed in all soils containing more than a trace of
CaC03.

Bassett (1917), however, after a phase rule study of the system

CaO-P205-H20, concluded that a more basic compound such a hydroxyapatite would be formed in neutral and calcareous soils.

MeGeorge and

Breazeale (1931) later postulated the formation of carbonate-apatite
in soils containing a high percentage of

eaco3 •

The common ion effect

should not be overlooked here as an explanation of the low P mobility,
since the addition of a Ca salt to a calcareous soil causes the
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precipitation of Ca-phosphate according to this principle.

This, of

course, is due to the decrease of solubility of the phosphate by this
common ion (Ca) effect.
In the EDT! treatments, the P was almost entirely concentrated in
the first leachate.

The Pin this leachate was almost the same as that

found in the first water leachate.

This is because both the water and

EDT! (0.001 ~) first leachates were just the water displaced from the

saturated soil.

The sudden drop in P concentration in the leachates

after the first may be due to the fact that EDTA could form chelates
and mixed chelates with the phosphates and Fe, Al, and part of the Ca
present, and in turn be fixed to the clay (Wallace, 1962).

Also, the

large size of mixed-ligand chelates may be another factor which prevented fbos!iJ.ates from further movement.
Allll,lysis of leachates for P from the organic matter treated soils
(which were water leached) revealed that the P was negligible when com'
pared with the water treatment. This different behavior is probably
due ta the tie-up of P during the incubation period (Lockett, 1938;
Pierre, 1948).

The increase in P leached observed with the last

leachates may be due to the release of some of the Pwhich was tied
up by the microorganisms.

Also it is possible that some of the decom-

position products of the organic material were able to chelate P and
move it in this form.

The organic matter decomposition products may

also complex Fe and Al and reduce their disturbing effect on P movement.
When the three treatments are compared, it should be noted that
water caused the maximum

q~ntity

of P to be moved (H20, 1007 pg P;

EDTA, 237 Jlg P; organic matter followed by H2o, 432 pg P).

Actually,

the quantity moved by water was about five times that moved by EDT!
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and more than two times t.ha t moved by H20 through the decomposing
organic material.

The strong polar character of water seems to work on

breaking the chemical bonds which hold P in its compounds.

This dis -

ruption of electrostatic and covalent bonds helps to release P and so
it moves more freely.

In addition to that, water can dissolve and move

greater concentrations of most of the inorganic soil constituents.

If

most of these constituents are moved down, there will be less interference on P movement.
The P moved in case of organic matter treated soils was much less
than that found in the water leachates.

This decrease in P moved is,

as has been mentioned before, due to the previous tie-up of most of
the P during the incubation period.

Besides that, organic matter may

chelate P in a form which is hard to move.
i f the resulting chelate is charged.

This can happen especially

This charge may either decrease

the stability of these complexes or lead to hydrolysis followed by

precipitation (Bennett, 1957).
Warm Springs sandy loam.

In the case of Warm Springs sandy loam

soil, it was observed that EDTA and water treatments followed the same
pattern (Figure 3 and Table 6).

In this soil some P leaching was

observed, although it was different from that of the Millville soil.
The water caused the greatest amount of P to be leached in the first
leachate compared to the EDTA and organic matter treated soil.

How-

ever, the three treatments (water, EDTA, and organic matter) showed a
similar J:Gttern in having the highest P coming with the first leaching,
and also having a sharp break after that.
The successive increase and decrease in the quantity of P leached
from the organic matter treated soils is probably due to periodic
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Figure 3. Influence of various treatments on the quantity of P
leached from Warm Springs sandy loam soil when P was added at 100
lbs. P per acre foot
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Table 6.

Phosphorus content obtained in 10 successive leachings of
250 ml each of water OT 0.001 M ~ when passed through
Warm Springs sandy loam soil columns to which P was added
at the rate of 100 lb. P/acre as the monocalcium salt

Leachate no.

H~

~

)lg p

)lg p

H20a
jlg p

1

48b

46b

34b

2

25

14

16

3

16

13

17

4

18

13

26

5

14

11

21

6

13

13

19

7

15

11

18

8

18

10

13

9

13

13

12

13

12

10

5

asoils treated with alfalfa and allowed to incubate in moist condition
for 1 month before leaching with H~.
bAverage of two replications.
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release and precipitation of P complexes.

I n both the Millv ille a nd

Warm Springs soils this is likely due to the formation of Ca complexes ,
since both were calcareous soils.

The same reasoning mentioned under

the results of Millville soil can be used here to explain the values of
P leached in this soil.
In general, all leachates caused more P movement in the Millville
soil than in the Warm Springs soil.

This is due to the higher native

P and to a lower P fixing power of the Millville soil.
Salcium movement in relation to phosphorus movement.

The same

samples of the displaced soil solution on which P was determined were
also analyzed for Ca (Figures 4 and 5}.

The movenent of Ca was

significantly increased by tre atment with plant residue.

However, the

Ca results differ quantitatively from the P results and no direct

correlation between the magnitudes of p a nd Ca movenent could be shown.
Approximately

lOS to 106 times more Ca than P 100ved through the soil.

The lack of correlation between the movement of P and Ca may be due to
the difference in forms by which each moves in soils.

This was proved

by Hannapel et al. (1964) when they passed the displaced soil solution

from the sucrose-treated soil columns directly through a cation or
anion exchange resin column.

They found that Ca moved in solution in

a free cationic form, whereas P moved in an organic form.
Radioj:bosphorus counting
Millville silt loam.

Counting the p32 in the soils treated with

labelled monocalcium j:bosphate added in the first inch (Figure 6 and
Table 7) showed that in all the treatments the majority of the P
remains in the upper lt inches of the soil.

The water and EIY"...A
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Figure 4. Influence of various treatments on the quantity of Ca
leached from Millville silt loam when Pwas added at 100 lbs. p per
acre foot

6
0

5
M. (1 month)

<I'

....
0

:<

"'

4

()

~

"'

3

(0.001

.!:!>

Ol

0

"'
0

2

~

1
D

~

0
1

7

8

9

10

Leachate .portion nwnber

Figure 5. Influence of various treatments on the quantity of Ca
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Figure 6. Effect of variou.s treatrooncs on P mo>ement in Millville
silt loam soil when P was added at 100 lbs . P per a c re foot

Table 7.

Depth
--rilches
0
0 . 25

o.5o

0.75
1.00
1.25
1.50
l. 75
2.00
2.25
2.50
2.75
3.00

3.50

4.00
5 .00
~Soils

Counts per minute per gram dry Millville sll Lam scil afthr
the soil had been leached wi h water 0r 0.00~ ~ ~~ . f oll~ed
by sectioning at different depths
H20
cpni/gram

EDTA
cpiiiJgram

762b
1991
2231
2579
2720
2962
3245
2313
2346
1400
1195
732
265
69

1340b
2244
2916
3443
4349
4094
3496
25?6
1719
30
22
18
23
17
20
18

11

10

treated wit h alfalfa before leaching with wa
of two replications.

~verage

··

H2oa

c pjii;Tgloa-:n-

5174b
C::246
4932
4460
3532
3465
1662

J-550
150
38
.38

4;
~0

5'5

h9
r.
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treatments gave almost the same pattern.

Nevertheless, a greater P dis-

placement was observed with H2o than with EDTA.

This is explained by

the same argument mentioned under results of the chemical analysis ,
However, the greater retention of the Pin the upper 1! inches llith
organic mtter treated soils is again due to the tie-up of P by microorganisms (Lockett, 1938; Pierre, 1948).
low after the depth of

5

Since crunts per minute were

inches, the graphs for all the soils and all

treatments stop at this value.
Warm Springs sandy loam.

In the case of p3 2 retention for Warm

Springs soil (Figure 7 and Table
ments followed the same pattern.

8),

the EDTA and organic matter treat-

In this soil some P movement was

observed but somewhat different from that of the Millville soil.

The

P movement was negligible and gave a maximum CFM at a depth of 1.25
inches.

The water treatment followed a different trend here and showed

that most of the P was in the upper inch of soil.

The difference

observed with organic matter and EDTA treatments is attriruted to the
difference in properties of each soil.
much less native P than Millville soil.

Warm Springs soil contained
The case with the EDTA treat-

ment, though of different pattern here, could be explained as discussed
for the Millville soil above.
The following conclusions can be drawn from the results of the f i rst
mjor experiment:
1.

.Fhosphorus mobility was limited to the top li to 2 inches,

especially with organic mtter treated soils.
2.

The water treatment caused more P displacement in solution in

both soils than the EDTA treatment, which in turn caused more p to move
than the organic matter treatment.
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Figure 7 . Effect of various treatments on ].> movenent in Yarm
Springs sandy loam soil when P was a dded at tre rate of 100 lbs . P
per acre foot
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51

Tat-~:;

8.

Counts per minute per gram dry Warm Springs sandy loam soil
after the soil had been leached with water or 0.001 M EDTA,
followed by sectioning at different depths
-

Depth

H20

EDTA

H~a

inches

cPJii/gram

cp!D/gram

cPDi/gram

1594b
2264
2528
2668
2198
2264
1528
1066
264
67
42
39

.3072b
4134
4158
h995
5470
4889
5445
46oO
2666
129
33
29
131
2.5
51
7

3226b
4452
4897
5079
5524
5730
5000
3333
1610

0
0.25
0.50
0 . 75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3 . 50
4.00
5.00

20

17
9
5

144

51
19
16
16
8

as oils treated with alfalfa and allowed to incubate in moist condition
for 1 month before leaching with H20•
bAverage of two replications.
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3.

Although monocalcium phosphate is a soluble calcium ,:hos,:hate

source, no

much P moved in these soils.

Second major experimen
Chemical analysis
:Millville silt loam.

Analysis of the water leachates for P showed

that in the Millville soil (Figure 8 and Table 9), the P leached was
high in the first five leachates, and then i
pattern until the eighth leachate.

follC111ed a regular

Here there was a break downwards

n the amount of P in the leacha tes.

Again .he higher P quanti · es

found with the first four leachates were due to less time of contact
between P and soil co nstituents.
ple:.ra.tion or imnobilization of P.

lliia gave little chance for a comThe sharp break observed after the

eighth leachate could be due to the fac

that most of the soluble p

was leached by the previous leachings.
Tn the case of

he EDTA treatments, P was leached to a large

extent in the first leachate.
second leachate,

There followed a sharp decrease in the

hen a sharp increase with the third one.

The increase

in P leached continued until the seventh leachate, which was followed
by a sharp break down again.
Analysis of the leacha tes from the organic matter treated soils
for P revealed that i

has almost the same pattern as those from the

EDTA treatments, with the exception that almost double the amount of P
was detected in the first leachate from organic matter treatments.
Also the break observed 1fas more gradual and extends for a larger
period (until the fourth leachate) in organic matter treatnents.
increase in P leached after that was also less steep.

The gradual

The
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Figure 8 . Influence of various ·rel'atments on the quantity of p
leached from Millville sil't loam soil when P 11'as added at the rate of
250 lbs. P per acre foot

Table 9.

Phosphorus content obtained in 10 successive leachings of
250 ml each of water or 0.01:!:! EDTA when passed through
Millville silt loam soil columns to which p was added at
the rate of 250 lb . P/acre as the monocalcium salt

Leachate no.

H20
.}lg p

EDTA

jlg p

H2oa
jlg p

1

1273b

733b

143ob

2

946

302

1220

3

1188

364

685

4

834

414

350

5

519

798

700

6

845

842

750

7

716

1531

700

8

816

l48o

986

9

632

1126

Bol

10

28

18

13

as oils treated with alfalfa which was incubated separately for 1 month
in moist condition before leaching with H20.
bAverage of two replications .
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increase :i.n P leached with organic I!Btter .rea tments was attributed to
the ability of organic mtter to release P from the organic complexes,
making P temporarily free to move through the soil until changed con-

ditions lead to its tie-up and i mmooilizati on ,

This tie-up of P was

most pronounced in the last two leacha·tes,
The results observed wi th so:i.ls treated wi th organic ma tt6r incubated for 3.5 months showed almol3

no P

n all the leachates.

It was expected t hat increasing the applied phpspha e c.onvent!"ation
(as dona in t h is experimen
movemen ,

over the previoug on"' ) migb

Although more P was mwed when compared

applica ion., it was a negligibl~. increase .
Rus sell and Prescot

increase P

c the lower p

This is in agreement wi th

(1916}, Hibbard (1935 ), Davis (193.5 ), Kurt'Z

(1946), and Owen (1947) who have shown tha

t al,

the greater the ra t io of

jilosjilate to soil, the greater is the retention of phosphate.

The re·~

lationahip between phos phate retention and phosphate concentration has
been shown to comply with the Freundlich adsorption isotherm (Davis ,
1935; Kurtz et al., 1946; Owen , 1947; Russell and Prescott, 1916 ).
Fisher (1922) has poi nted out thaL this does not neces•arily imply an
adsorption process, as precipitation processes also give results whic h
fit the Freundlich adsorption iso therm,
The negligible quanti ies of p obtained from soils mixe d with
organic ma ter (3.5 months incubation period) is direc
mic roorgar.isms.

y related to

There are two possibilit:!.ss that migh · have worked

singly or in combination,

The decomposition products of organic matter

might have undergone a cond nsa ion reaction where P was tightly held
and so immobilized into a bigger size molecule ,

The other possibili y

lies in the part playe d by soil ~icroorganisms in retaining phosphates,

Lockett (1938}

ha<~

referred

o some of t.he early lit.ern.ture.

Pierre ,

in 1948, in a valuable review, suggestP-d t.hat. mi::roorgani!S!M' may
immobilize a large amount of phosphate when a source o
energy is available.

nitrogen and

Taylor (1946) publi:;hed t.he res ults of some pre-

liminary experiments which

l~d

him "to the same conclusion.

I n F inland, Kaila ( 1948 ) has recently shown that the caiuvl•l urgavic··
phos phorus ratio in soila ill roughly ccnst.an

a

ratio exceeds 200, inorganic P i.s lhble to bb
I t is ind ed surprising tha

100 to 150, but if the
bioJ.og~cally

tbere was such a slight

p at this higher P application raw (250 lbs. P/ac:re).
are in sharp contrast wi h

abaorbed.

~wvement

of

T!Ese resul

ho:se obtainEid Ulfith Florida fiiJB san<:ls

(Neller, 19u6 ) but are in good agree.ment wi h the work doiJe by Hanna pel
e·t al . (1964 ), where they obtained only 0.37 P"'rcent of tiE morganjc
P a dded to thei r soils in the leachatP-o.

The conflict with previou'l

work ia probab ly because of the variety of con

v.l.<!ru i.!T'mlved.

examplB 1 most lysi.Jooter st dies ha.ve

onlJ.· traces of P are

hmm tha

remov ed in soil leachates (Midgley, 1936}: ye·

For

Neller (1946 ) reported

t hat 79 percent of the citra e soluble portion of a 1250 lb . /acre
application of superphospha e was removed from the 0-to 8-iu:h layer
of a Florida fine sand in a 5-month period.
vioua experiments m.ight lead one

The results of some pre~

o expect greater influence fr0111

organic matter (Stephenson and Chapna.n, .L931) than was ob .a.i!wd in the
prBsent work.

T"nis agai!l is due to

hP ability of microorganisms

o

retain ph osphates as discussed above.
Warm Springs s a ndy loam.

Results of leachate analysis for P in

the case of the I arm Springs soU are given in Table 10 and are presented graphi.caUy in Figure 9.

The pittarn with the Wann Springs soil

5i

Table 10 .

Phosphorus content obtained i n 10 successive leachings of
250 ml of water or 0.01 M EDTA when passed through Wann
Springs sandy loam soil column& to which P was added at
the rate of 250 lb, P/acre as the monocalcium sal

Leachate no.

H~

EDTA

2

658

896

945

3

700

796

96o

4

80

753

1039

5

826

753

640

6

708

504

660

7

578

323

768

8

790

380

820

9

650

215

668

10

130

13

91

1

aSoils treated with alfalfa which was incubated separately for 1 men h
:!.n moist condition before leaching with H20.
bAverage of two replications.
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Figure 9. Influence of v-c>.rious treatments on the quantity of P
leached from Warm Springs sandy loam soil when P was added a the :r-ate
of 250 lbs. P per acre f0o
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was different from the Millville soil.

Although sorre minor variations

occurred, the overall pattern was for a decrease in Pin the leachate3
with time.
The high p detecte d in the first leachate was mainly due to having
less time of contact between P and soi.l cons ituenta .
the applied and
/

The refore, both

be native P were comparatively more free than the p i.n

subsequent leachates.

The decrease in P leached was again a t ributed

o having more opportunity to react with c alcium, Fe, and Al and form
the characteristic immobile complexes.
With the EDTA. treatments for this soil, there was a more gradual
decrease in P found in each successive leacha
with the Millville soil.

AL~o

than had been observe

there was no sharp rise in P in the

leachates.
The soiLs treated with organic matter, incubated for one month,
gave a simiLar pattern in P in the leacba es to those of the Millville
soil except that P decrease after the first leachate was gradual rather
than sudden.
Soils

reated with organic material incubated for

3.5 months

(Table 11 ) and leached with water also showed negligible P leached.
This striking result was not expected but can be expLained as dis cussed above with the Millville soil.
Brigham sandy loam.
:from

Chemical amlysis of the water leachates

h'l Brigham soil (Figure 10 and Table 1.2} showed a pa tern simi..lar

to that observed in the Warm Springs soil, out different from that o.t:
the Millville soil.
EDTA treatments showed a similar pattern to

he Warm Spn.ngs soil.,

but a different one from Millville soil in the amount of P in the

60

Table 11.

Phosphorus content obtained in 10 successive lsachings of
250 ml of water when passed through MUlville silt lcam,
Warm Springs sandy loam, and Brigham sandy loam soil columns
to which P was added at the rate of 250 lbs. P/acre a s t.h8
monocalcium salt and soils were reated with alfalfa and
allowed to incubate in moist condition for 3 . 5 mon hs before
leaching

Leachate no.

Millville
)lg p

Brigham
)lg p

Warm Springa
)lg p

1

oa

57a

oa

2

5

12

75

3

5

0

12

4

5

0

9

5

4

0

3

6

4

0

l.l

7

6

0

0

8

10

0

0

9

3

9

12

10

1

0

0

aAverage of two replications .
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Figure 10 . Influence of various treatments on the quanti y of p
leached from Brigham sandy loam soil when P was added at th~ rate of
250 lbs. P per acre foot
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Table 12.

Phosphorus content obtained in 10 successive leachings of
250 ml of water or 0.01 M EDTA when passed through Brigham
sandy soil columns to which P was added at the rate of 250
lb. P/acre as the monocalcium salt

Leachate no.

H20
.)lg p

EDTA
)lg p

H20a
Jig p

1

933b

l313b

364b

2

287

867

240

3

576

867

174

4

512

911

h7

5

473

190

109

6

599

199

111

7

584

168

210

8

517

42

69

9

612

55

41

10

243

30

21

as oils treated with alfalfa which was incubated in moist condition for 1
month before leaching with H~.
bAverage of two replications.
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leachat.es.

However, more P could be detected in the first EDTA treatment

com{ared to the water and organic matter treatments.

Moreover, the

observed break in P leached was sharper here than for Wann Springs soil
as shown by the quantity of P detected after the fourth leachate.

The

decrease in P leached from leachate five onwards was a more gradual one
rather than a sharp one as observed with the Warm Springs soil.
The organic matter treated soils (one month) showed a different
Iattern from those of Millville and Warm Springs soils.

Actually P move -

ment under these conditions was the least com{ared to H2D and EDTA treatments.

As was the case with Millville and Warm Springs soils, the

Brigham soil having organic matter incubated for
no pin the leachates,

3.5

months gave almost

This could be explained by the same reasoning

given for the other two soil s.
In general, EDTA at the high level (0 .01

all soils.

!!!)

gave the same trend in

The behavior of EDTA is attributed to its tendency to form

stable, mobile P complexes which could move for a greater distance than
the uncomplex P.
Radiophosphorus counting
Millville silt . loam.

The counting of the p32 in the Millville soil

(Figure 11 and Table 13) showed ·that both the water and o rganic matter
treatm:mts gave nearly similar {atterns.

However, it was observed that

more P was moved with the organic matter treatment than with the lla er
treatment.

The EDTA treated soils showed greater quantities of P moved

when compared with water and organic matter treatments.

The maximum

counts per minute for water treated soil were at about 0.40 in h, which
meant that most of the P was innnedia tely immobilized in situ.

This was

1Z
11

10

0
"'...

(0 .01 ~)

z
1

0 '----------~~----------r,--------~,--------~r---~~~,_
1

z
3
Depth (inches)

Fi gure 11 . Effect of variolll3
silt loam soil when P -.ras add d -t

reatments on P movement in .MiJJ.ville
he r te of 25(} lbs. P per a cre foot

Table 13.

Depth
inches

Counts per minute per gram dry Millville silt loam soil after
the soil had been leached wi h water or 0.01 M ED'rA, followed
by sec ioning at different depths
H~

cpm/gram

0
0 . 25

6344b

0. 75

8816
7269

o. 50

1 .00
1 .25
1.50
1.75
2.00
2.25
2.50
2. 75
3.00

3.50

4.00
4.50
5.00

5.50

8995

5373

5672

5253
4547
.3028
3014
2690
3110
1675
843

375

177

38
33

EDTA
cPili/gram
J74lb
6019
5746
6132
5710
6928
3502
5607
5254
4499
3913
2993

H2oa

-cpm/g:r.am
2479b
6583
S9 2
11770
8476
6510

6o35
5535
3512
2546

2573

1814

3930

: 122

2589
2157
1384
1457
1282

874
'l
128
~

l34

43

as oils treated with alfalfa which was incubated separately for 1 month
in moist conditions before leaching w~th H2o.
bAverage of two replications .

again manifested by the sharp drop in CR! a t. a depth of 0. 75 inches .
The organic matter trea ments gave a maximum CR! at 0. 75 inchP.s, wh ich
was great..er than that found in the case of

he water

reat.rr.en

HD11'-

ever, P movement was small, as is shown from the sharp drop in CPM at
a depth of about 1 inch.

The EDTA treate d soil s howed

at a depth of 1.25 inches.

he hil#l eRt CPM

Moreover, the drop in CR! was much more

grodual than was the case with the water and organic

IIB

te

treatmm s.

The conclusion which could be drawn :from the pg.ttem observed here •Lth
EDTA treatments was that this treatment proved to be +,he mcst. eff icient
one in P movement .
Warm Springs sandy

oam.

The radioactive ph osjiloru s (p32 ) coun -

ing for the Warm Springs soil (Figure 12 and Table .11) showed a pa ·tern
similar to that observed for the Millv illtl soil.

Although the

h:ree

treatments gave nearly similar results, the organic matter ti'9ated eoil
sh011'ed an intermediate trend between the water and EDTA trea men s.
Maximum CR! were at 0.50 , 1 .00 , 1 .50 inches for the water, organic
matter, and EDTA treatments , respectively.

So most of the P was im-

mobilized in situ for H2o treatments , whereas a li

l e more P was mnved

in complex form in the case of the organic matter t reatments .
EDTA , having a greater tendency to complex P, could increase P
mobility in a mixed chelate form.

Thi.s was why the distance of P move-

ment was greater with the EDTA than wi th either the wa e r or organic
matter treatment.

One more point was that

he decre3.s e in CPM W3.S

sharper for both the organic matter and EDTA trea ments as compared
a gradual decrease for water treated soils .
Brigham sandy loam .

The radioactive phosphorus count1ng ( p32 ) in

the Brigham soil (Figure 13 and Table 15 ) gave a pattern similar to
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Figure 12. Ef fect of va.r ou~ treahn"'r.ts on P moveme l. ir. Warn.
Spnngs sandy loam soil when P was 'l.dd d a+. t.he ate of 2.50 l.bs " p p-1.,.
acre foot

Table lh.

Counts per minute per gram dry Wa:'!ll Springs sandy oa.m -s- J ...
after the soil had been leached with water o::- O.'Jl ~ EDTA,
followed by sectioning a diff rea dep h<~

-

Depth
inches
0
0.25

o.so

0.?5

1.00
1.25
1.50
1.75
2.00
2.25
2.50

2.75
3 . 00
3.50
4.00
4.50

5.00
5.50

R:P
cpnvgram
5565b
5761
6980
5613
4844
.5053
3763
4626
IJ330

3428
472;
436?
2708
ZI.46

2ll2
1564
1226

1491

EDTA
cPiii/gram
32.3lb
3267
3361.
480.2
4938
6020
3532

2908
3.334
.3121
24.35
2352
3268
2447
2319
1976
2llh
1231

H2oa

cpiD7gi;a:m448;b
601 7
6<-7~
s~;to

6€-J•
389
j601)
<805

2415

21)6
2Zl.8

1509

1877

lbl.6
1188
1036
662
228

asoils treated with alfalfa which was incubated separat-ely for l uu~ h
in moist conditions before leaching with H:P.
bAverage of two replications.
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Figure 13 . Effec of V'arious or~a tments on P rr.ovem=ln' in B. :lgh·;m
sandy loam soil 11hen P -was added at the rate of 250 lb• • P pe:r ac:re
foot
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Table 15.

Counts per minute per gram dry Br~gham sandy loam soi aff"'r
the soil had been leac-h'ld wn h water or 0. 01 M EDTA , foHowftd
by sectioning a di ffer ent depths

-

Depth
· nches

H::.£1
opiiiTgraiil

EDTA
cPil/gr am

0
0 . 25

3649b
7516
8704
7414

21li

o.so
o. 75

1.00
1. 25
1.50
1.?5
2.00
2. 25
2. 50
2.75
J.OO
3.50
4 . 00
4.50
5 . 00

7314

6203
6357
5781
4537
4982
4089
4785
6J
3096
3737
612
748

234Gb
2L62
4088
4612
5258
5815
3852
4483
4870
6176
5229
4716
4 710
257.5
1376
446

----

H20a
-cpnv g~
2058b
3553
5222

70J6
756'
664.<

sooo

4958
_,435
3017
27H

287:;
2865

2o •o

284tl
.101.<:
t:12

· -as oils treated with alfalfa which was incubats d sej:llr ately--f ol" 1 -·
m•>n
h
in moist conditions before l eaching wi th H20 .
bAverage of two replications .

both t he Millvill e and Warm Springs soil .
of p i n t he water

There was th e .eaRl me

w~th

EDTA trea

observed a t a depth of 0 , 50 i nches f or

en',:; ,

This was clearl y ~xiL.b:i ·.ed

by the s har p dro p in CPM after t he 1 . 50-ineh de pth .

matter t reatments cau sed more P

regi on of P applicat i on .

a depth of 1

Moreover ,

matter treated soils was s h arper
A

Although organi c

o move t han that observe d in '!.he

t reatment s , i t was s ill a negli~ble movement .
by hav ing the maxilnum CR.! a

M3.Xi lliUIIl CR.! wer.,

he H.,0 trea ment., whJ." b 3h <'1111 a

that almost all P was immobilize d in .!!~~ ·

menta.

· ~a.

eachings , a 11.•. e m.. re fo r organic m'A ,er

mente , arrl maximum P movement.

Bin'-'1''

w 3.

This was man~ f"'s~-ed

nch, whJ.ch i s a tu"

y -t\A

he drop ... n CPM J.n the orgam

han WJ h t he wa er !l.lld EDTA

em

the 2-inc h de pth the drop in

leve l of'

s ta r ted

the f ourth i nch was rea ched , where a s harp decr·ease agal.n
Gene rally s peaking, the CPM observed a

•.:-o=at~

u r•. ti •

occ ~ rre

·•

!..he surface ·n th B:-igham

'l'tL

s oi l were l ower t han those for Millv i.lle and Wann Spr1ngs soils .

i nd icated tha t rore P was moved from the t o p so il f or the c a se oi t he
Bri gham so il.

Again t he maximum CPM a

a shallml"lr depth ind i•

ed

3.

less P penetration or i n o her wo ds more P irumobili.'z:.a.'ion.
Soils trea ted with a l falfa after being imuba
3.5 months and l ea c he d wi.th wa ter were cut in o

SFlC

d f or a

eriod o'

i ons f arcounr,J. ng .

The same technique for cut ing, drying , and coun i ng of the pre v .. ou3
columns was a l s o followe d here ,

The radi ophosphoru

ccunt.illg wa s

plotted versus depth f or each s oil_. a s s hown i n Figur
Al l three so i ls gave a lmost the s ame fB

-ern •n h very l i tle dif-

fe r ence be t ween th em a s Lo the quantity of P move d ,
behavior of t hes e curves was tha
a depth of 1 inch.

:ili arrl 'I'abl• 16 .

Another ccmm•)r

there was a sharp d rop i n

This showe d th;>

mos

of ·the P

wa~

s

h e CI\1

~11 in.

!hP.

a.

' )

1-

4

\0

....0

3

><

..,
~

g

11
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"'p.
~

.,

~
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1

0

hgure 14. Effec t of water l eaching on P movement in h r e soJ.l
(M.i llville silt l oam, Wann Springs sandy loam, and B i gham f!an:iy 'Jna
soils ) when P was added at t he rate o 2~0 lbs . P p:.r a cre foot

Table 16.

Counts per minute per gram dry soils (Mi lville ··ilt loam,
Warm Spr i ngs sandy loam, and B:righ:am s andy oam) at ;: , th~
soils had been leached wi th water , followed by e ioning
at different depths

Dept h
inches

Millville
cp:il/gram-

Brigharu
cPIDlgram

0
0.25
0.50
o. 75
1.00
1.25
1.50
1.75
2.00
2. 25
2.50
2. 75
3.00
3.50
4.oo
4. 50
5.00

12244a

Dh61"
18548
31176
33482
29689
17629
17733
21347
12323
11770

aAverage of two repli

21001
30301
38107
37131
26401
16973
14691
13026
9899
8836
5156
3331
1564
477
252
201
1;ions.

939

8273
7469
5520
5442

2844

1066

Warm

Spring;~

-p;:n7gri"n7"""'
<'<J~18a

23869
26&Q

i!Bo?
383?11
21385
165('()
13071
9;;
7":·4

5487

J'>70
22:!9

1413~

67o

856
6f.9

-------

7h
upper inch of soil where it was initially- applied.
observed for these soils were about 10 times

Genera.l:!.y, '·h" CPM

gr~ater

soils which were treated wi h the first ba ch o

han for

tJH)S

Th:!.s

radicac ive sal •

was mainly- due to t he fact that counting · hiE. tl.Jlle was after only ~t
half-lifes, whereas counting for the other ti:mc was done .<U' er
lifes.

So a considerable

o J:w.

f ..

ime for decay hpsed be:.>:--. ;cunting was

started.
The p32 counting showed
the upper 2 inches.

hat mos

Although

of ~.he a.ppl.ied P was s::..:'.'. in

his 11as not expec,ed, it ag:.09<!S f<<' '·-.

well with previous workers (Beater, 1938; Crawley, ... 902; Da ~, .•.949;
Harrison, 1921; Henderson, 194 ; Me tzger, ::.934; Owen, 19.. , .; V~.n Ak tir

1918; Wander and Bourby, 19 39}.

These wo:kera fo•md

h"

tl1P. mr veman•

of phosphate within the soil is some imes limited to as littJ.e

3 inches .

!iS

2 or

The restricted phosJilate movement found in the current work

is further supported by Henderson and Jones (1940} .

Ihey found (using

p32 ) that the majority of the P remains in tt~ upper 1! ir ·he~ of &he
soil.
Comparison of the Effi.oiency of

D fferent:

too

Leac ~ing~entfl

It was felt appropriate to compare the quantity of P leach9d from

each of the soils due 'to individual tre!ltmen
In the first major experiment where P was applied a
100 lbs . P/acre , H20 leaching of P for

th

rate of

he t>ro soils used (MillvJJ.l.e

silt loam and Warm Springs sandy loam) is sh

in Figure

15.

Tl'>..e

rattern of the curves here was different, &s])"l.::oa.;.ly in the first, si>..
leachates.

It is seen tha· the P leached under

hes_

~ondi

tions was

1.:'

200
WJ.lville

1 80
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Fi gure 1$ . Phos iflorus movement i n two soils as influemed by H;::;O
leach i ng whe n P was added at the r a te of 100 lba . P per a cre r r• I,
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much greater in Millville soil than with Warm Springs so:.l.

There was

about five times as much P in all the leachates from the Millville sdl
as was detected in Warm Spr"ngs aoil.

However, when total P leach d

in all 10 leachates was determined, it was found that the percent of p
did not exceed 8. 7 of the P applied for the Millville soil and 1.6 for
the Warm Springs soil.
The comparison of EDTA (0.001
abo;~

M}

treatments for the same soil.J

(Figure 16} shows that the P detected in he leacha es was agal,

greater in Millville soil only for the first leachate.
the two curves are the salll!9.

From there o

There was still so much P ir, the firs

leachate from the Millville soil that when the sum of all P lear.hed by
the 10 leachings was compared with t.he total. appl:i.ed, it was found .h\ll
there was 2.1 percent for the Millville soil and only 1.3 P"rcen

for

the Warm Springs soil.

r.ot

This percent for the Warm Springs soil

1S

much different from that which was found for the w ter ltlaching&.
The effect of EDTA appears not to be that cf aiding P oovement.
The qp.ant:i.ty of P leached in both soils was

alone was used as the leaching agent..

w~ch

greater when water

The results suggest that the

EDTA is in fact aiding in keeping the P in pcsition.

Although no

as

striking in the case of the p32 counting of the soil, it stil.l shows
that the water moved the P to a greater distance than did ohe EDTA
(Figures 6 and 7 } •
The reasons why the two soils are so different in

eir ability

to hold P with these two leaching agents is nol; ob-vious.
has a greater P-fixing caJE.city (Breland, 1962), but
the P should be fixed against water leachings.
in the clay type and content, bu

Warm Spr ings

his would sugges

Tt>.Bre mus

·oe differences

what these differences might be are
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Figure 16. !hos)Xlorus movement i n two soils as influenc ed by
EDTA leaching when P was added at the rate of 100 lbs. P per a cre
foot
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not !mown.
The organic matter treatments (Figure 17 ) gave P i n t he l eachates
that was almost an opposite trend for

he two soils.

In general,

twice as much P was leached from the Millville soil as from the Warm
Springs soil.

The percent P leached was 3 .8 f or the Millv.i lle soil

and only 1.6 for the Warm Springs soil.

There appears to be some effect

of decomposing organic matter on P movement t ha t might be additive .
This may mean tha t with time the decomposition products build up and
overcome some of the factors whic h hinder P movement.

These

de composi~

tion products may a ct as mixed chelates or they may simply a ct on t he
elements or factors that would normally :inac tivate P.
In the second major experiment the P appl ied was i ncreased from
100 to 250 lbs. P per a cre, the organic matter additions were increasa
from 2 to
to 0.01 ll.

5

tons/acre, and the EDTA concentration was c hanged from 0 .001
In general , the P leached by water was greatest in the

Millville soil.

The a ctual P percentage detec ted in t he sum of 10

leach:ings was 4.8 , 3.9 , and 3.4 for the Millville, Warm Springs, and
Brigham soils, respecti vely (Fi gure 18).

Although the Br igham soil

has the lowest P-fixing power of a l l the soils, it gave the lowest
values for P removed,

This is probably due to the di ffe rence in t he

namre of that soi l (noncalcareous) and ~o due to its very hi gh iron
content compared with the other two soils .

As mentioned before, thie

might complex P and prevent its movement .
The pattern of P leached by water seems to be quite differ ent at
the high P level when compared with the first experi.ment ,

It is pos -

sible, however, that the drop in P in the leachates t hat occurred at
leachate 6 between the relatively high values and the low value3
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Figure 17. Fbosphorus movement in two soils as influenced by
organic mat erial (l month incubation ) f oll owed by water leac hing when
P was added at the rate of 100 lbs . P per a cre foot
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Figure 18.
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Phosphorus movement in the three soils as influenced

by water leaching when P was added at the rate of 250 lbs. P per a cre

foot
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(Figure 15) is occurring in this experiment at the tenth leaching.
The quantity of P leached with this high level of EDTA (0.01

~)

(Figure 19) gives distribution patterns quite different from those
observed in the first experiment (Figure 16).

In the first experiment

the total amount of P in the 10 leachings with EDTA (0.001

~)

was less

than that obtained with water alone for both the Millville and Warm
Springs soils.

In the second experiment the total amount in the 10

leachings with EDTA (0.01 ~) was 4.4, 3.4, and 2.6 percent of that
applied for the Millville, Warm Springs, and Brigham soils, respectively.
For the two soils common to both experiments, the amount of P moved by
the higher concentration of EDTA was almost the same as that moved by
water.

For the Millville soil the leaching patterns for the f i rs t four

leachings for the two experiments are quite similar.

That is , there was

a high amount of P in the first leachate and the amount in the next was
less.

In the first experiment the P remained low in the succeeding

leachings, while in the second experiment there was a rapid increase in
P leached in the fifth through eighth leachings.

The drop in the ninth

and tenth leaching is unexplained, but the pattern is identical with
that found for effect of organic matter on P leached observed in this
experiment (Figure 20),

It is not lmo\ln \lhy the patterns observed in

the case of the other two soils differ from that found with Millville.
Organic matter (1 month incubation) treated soils, when leached \lith
\later, shelled that the Warm Springs soil had a little more P removed than
either of the other tllo soils.

The values obtained for the sum of the P

in the leachates \lere 4.4, 4.9, and 0,8 percent of the applied P for the
Millville, Warm Springs , and Brigham soils, respectively.
Brigham sail is of lo\lest P-fixing power and also has

Although the
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the largest native P, its greater Fe content probably overshadt>We d the
other two properties and gave the lowest P removed with organic matter
treatments.
If the two EDTA concentrations (0.001!! and 0.01

!\)

at the two P

levels applied (100 lbs. P/acre and 250 lbs. P/ac re) are compared, a
great difference may be seen in the pattern for the Millville soil.
The curves (Figure 21 ) show that 0.001

~

EDTA moved more P in the fi rst

leachate only, followed by leveling off and gi ving nearly the sam
values afterwards.

The 0.01 ,M EDTA, though, gave high P values in the

first leachate and dropped down again for the subsequent three leachings.

However, a sharp jump and increase i n P moved started to take

place and continued until leachate seven.

Probably the added amount of

0.01 ,M EDTA for the first four leachates was not enough to func tion a s
a comp1exing agent for the interfering cations (Ca, Mg, A1, and Fe) a nd
aJ.so as a ligand which might form a more stable and more mobile P complex .

However, this phenomenon mentioned above could probably take

place after most of the P...interfering cations and anions were leached
and cornplexed.

This may explain the greater values of P detec ted in

the case of 0.01 ,M EDTA.

With 0.001 M_ EDTA being of lower concentra-

tion, it could not function as efficiently as the ().01 M_ s olution and so
only small quantities of P were leached at a time for all the leachates
after the first .

In tenns of percent, the 0.01 M_ EDTA caused

4.4

per-

cent of the applied P to be displaced in the lea c hates, whereas i
caused 2.1 percent P to move when 0 . 01 M EDTA was used.
Theory of Rlosfhorus Movement in Soils
The following theory is proposed in an attempt to explain s ome of
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the results,

When monocalcium phosphate is applied to the soil, the

first reaction is the conversion of a portion to dicalcium phosphate,
another to tricalcium phosphate, and some to phosphoric acid.

This

conversion would result in depositing most of the P after a short
period from its application.

The small portion which could be free to

diffuse is the phosphoric acid fraction.

The phosphoric acid probably

reacts with Fe and Al compounds and exchangeable cations to the extent
they are present.

I f these components are not present in large quan-

tities, as in the case of light-textured soils, the acid diffuses
until sufficient Ca is present to exceed the solubility prdduct of
dicalcium and more phosphoric acid released.

This explains the peri·-

odic increase and decrease in phosphorus moved and detected in this
work.
There is another point in this theory that is the IIIQSt important
one.

This is the possibility of phosphates forming mixed chelates.

This is due mainly to the following properties of phospoates:
1,

All of the phospoates are highly charged anions and exhibit

the properties of such ions.
2,

Because of their high charge, the J:i!os'fbates tend to associ-

ate with one another through cations.
).

Accompanying this simple ion association based on electro-

static attraction is a ready tendency to form covalent bonds, probably
due to resonance with the .-bonding in the phosphate groups.
Most of the naturally occurring principal chelating donor groups
are present in soil organic matter.

Amino, imino, keto, hydroxo,

thioether, carboxylate, and phosphate groups are present in compounds
which have been sepa-rated from soil organic matter.

Many ligand groups
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are present in the polymers which may be the major components of soil
organic matter.

They function largely as centers for ionic exchange,

but chelation-type reactions no doubt occur,

Mixed chelates in solu-

tion were proved to be of higher stability than simple cl:telates
(Bennett, 1957; Bogucki , 1958; Carey, 1964; Carey et al., 1964; Dewitt,
1958; Hoard, 1953; Kluiber , 1965).

Although ligands used for the above

IOOntioned solution experiments differ from those available in soils, it
seems possible that mixed chelates would form under the prevailing soil
condi tiona.

The only requirement for obtaining such compounds would be

the use of the !ilosphate ligands which will not completely fill the
coordination sphere of the metal ion.

The supplementary ligands are

those found in the soil and can be used to fill completely the vacant
coordination sites of metal ions.
Although this part of the theory favors more phosphorus movement,
nwch less movement than was expected was observed.

This was quite true

in the case of the EDTA treatments where the probability of mixedchelate formation was high.

However, the unexpected less p movement in

this case may be due to the fact that in order to get the most stable
mixed chelates requires that the metal-ligand chelates be neutral in
order to minimize the electrostatic repulsion toward the incoming
ligands,

The presence of some charged metal- ligands and metal chelates,

in addition to disturbing the equilibrium conditions governing the
formation and stability of mixed- ligand chelates, might give an explanation as to why the expected P movement was not achieved,

One more poin

in explanation of the restricted phosphate movement is the possibility
of forming a very large molecular complex which was immobilized due to
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the ease with which it could be hydrolyzed or olate d and the diffi c ul y
of movement in such a large molecule .
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SUMMARY AND CONCLUSIONS

The movement of native phosphates as influenced by water leaching
was studied i n soil columns of three calcareous soils of different P·fi.xing power (Millville silt loam, Lewiston sand, and Pal.lguitch silty
clay loam).

Fhos!iJorus movement, as detected by P in the leacha tes,

showed a gradual increase i n successive leachates with time.

Samples

of the same soils were then mixed with tricalcium phosphate and leached
by water and Fe-EDDHA, at a concentration of 0,001 percent, in a second
experiment.

Fhosphorus detected in the first and· last leacha tes was

negligible.

This was attributed to the relative insolubility and

immobilization of P from tricalcium phosphate.
In order to give a more precise location of phosphorus movement,

two experiments were carried out using two levels of applied phosphates ,
la.belled with p32.

There were also two i ncubation periods for the

organic material (alfalfa) and two concentrations of EDTA (0.001 and
0 . 01 ~!>·

The experiment was run on two calcareous soils {Millville

silt loam and Warm Springs sandy loam) and a noncalcareous soil
(Brigham sandy loam).
Chemical analysis of leachates for P and radio!iJ osfborus counting
of soil sections showed that P movement was different for every soil
and every treatment .

However, higher rates of applied P caused more

P to be moved, but much less than was expected.

Also, the higher con-

centrations of EDTA, although causing more P movement than the o ther
treatments, were still low .

The organic matter treated soils, when

leached with water, in general showed the lowest P movement .

There was
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less P moved when organic matter was allowed to incubate for 3 .5 months
before being added to the soil.
The following conclusions were reached:
1.

Water , as a leaching agent, moved as much P from the so i ls

Fe-EDIHA, EDTA , or chelate-like materials resulting f rom organic

a~

= 1,er

decomposition .
2.

~ne

P moved by water or the other leaching agenta was easily

immobilized, and this was probabl y due to formation of s imple phos pha
complexes .
3.

Ferric ethylenediamine (di-0- hydro:xy- phenyl ) ace tic acid

(Fe-EDDHA) did not aid in the movement of P.

4.

Disodium ethylenediaminetetracetic acid (EDTA) caused more p

to be moved only when applied at a high rate (0.01

~).

At this level ,

however, more P was removed in the leachates and the p32 moved to a
lower depth than was found with the other treatments.

5.

IDng periods of organic matter incubations may lead to the

immobilization of P.
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