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STUDIES ON IRON, ALUMINUM, AND
ORGANIC PHOSPHATES AND PHOSPHATE

FIXATION IN CALCAREOUS SOILS
BY \V. T. MCGICORGE AND J. F.

INTRODUCTION

It has been demonstrated by field and pot experiments that many of
the calcareous soils of Arizona respond to phosphate fertilization. Chem-
ical studies in the laboratory have shown: 1, that the soils are fairly
well supplied with total phosphate; 2, that in some cases the phosphate
is very insoluble and not present in the soil solution, and in others; 3,
the soil solution contains appreciable amounts of phosphate but environ-
mental factors, such as saline concentration of the soil solution, soil
reaction, and the physical condition of the soil, interfere with absorption
by the plant. Since one or more of these conditions is often met in
Southwestern soils there is steadily increasing evidence that phosphate
fertilization will be profitable in many parts of the irrigated valleys of
the Southwest.

In formulating an intelligent system of fertilization a thorough knowl-
edge of certain fundamental properties of soil phosphates is essential. A
farmer may buy his fertilizer intelligently, he may apply it at the right
time and in the proper amounts, yet he may fail to get positive results.
This may lead him to think that his soil does not need phosphates, when
in reality a deficiency of phosphate may be a limiting growth factor.
Certain soil conditions may be causing the phosphate to become "fixed,"
and insoluble, or other conditions may be interfering with the re-solu-
tion of difficultly soluble phosphate. It also has been the experience of
many that all crops do not respond equally well to phosphate applica-
tions. In fact many crops have not, as yet, been known to make any
response. This may be due, in a measure, to improper methods of
application, or to the failure to correct certain soil conditions before
applying the fertilizer. The efficiency of a fertilizer depends upon the
velocity of re-solution after fixation, its rate of diffusion within the
soil mass, and the extent of contact with the roots.

The soils of Arizona, and of the Southwest in general, are different
from those in the more humid regions, in that they are nearly all calcare-
ous, and many of them decidedly alkaline in reaction, pH 8.5 or greater.
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The data which have been accumulated upon phosphate studies in the
humid regions of the East are usually not applicable to Arizona condi-
tions. The investigations to be reported here were confined entirely to
x\rizona conditions.

Our previous studies, as reported in Technical Bulletins 35, 36, and 38
of this series, were confined largely to the soil factors which influence
solubility and availability. These include the reaction and physical con-
dition of the soil, its soluble salt content, aeration, and carbon-dioxide-
producing power.

During this work with phosphates, many interesting facts were dis-
covered, among them being that the plant food, phosphorus, may be pres-
ent in the soil solution and yet not be absorbed by pliants. Solubility
and availability are not necessarily correlated. This was shown in Tech-
nical Bulletin 38 and will be discussed in detail in a bulletin which is
(o follow soon.

In the past, the study of phosphates has been confined almost entirely
to the salts of calcium, as these are the forms which usually enter into
commercial fertilizers. However, when a soluble calcium phosphate is
added to a moist soil, a reaction with soil minerals is sure to take place,
and the extent of this reaction will depend largely upon the solubility of
Lhe added phosphate, and that of the original components of the soil. The
plant deals with the products of this reaction, so that the phosphates
which are directly concerned in plant nutrition are exceedingly numer-
ous. In any investigation of phosphates a knowledge of the funda-
mental properties of the system is quite essential.

The soluble phosphates in the soil come largely from the phosphates
of sodium, potassium, and ammonium, from the add phosphates of cal-
cium and magnesium and, to a much less degree, from organic matter
and the normal phosphates of iron and aluminum. But solubility is not
the only problem in the study of phosphates or in the maintenance of
soil fertility. As mentioned before, soluble phosphate when added to
("he soil becomes ''fixed" and it is the speed and readiness of re-solution
of these fixed phosphates which govern the fertility and the "staying
power" of the soil.

Through the tifoemical and physical reactions involved in fixation and
reversion, Nature has provided for storage of excess soluble phosphate
in soils. Thus any great loss of phosphate from the soil, by leaching or
drainage, is prevented, and a very low concentration of phosphate is per-
mitted in the soil solution at any one time. These fixation and reversion
reactions, if functioning perfectly, work to the advantage of both the
crop and the farmer. But in many cases the reversion is carried beyond
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the solvent reactions of the soil or plant, and the crop suffers for phos-
phate even though surrounded by plenty.

Under good conditions with respect to tilth, aeration, water penetra-
tion, and carbon-dioxide production, the fixed phosphates come back into
solution slowly, but in amounts sufficient for the needs of the plant, and
all of the phosphorus may become available eventually. But when aera-
tion and water penetration are restricted, and bacterial activity and car-
Lon-dioxide production are reduced, the fixed phosphates may remain
unavailable. It may be said definitely that, when phosphorus is the
limiting factor in crop production as it is in many of our Arizona soils,
the trouble lies, not with the scarcity of phosphorus in the soil, but
largely with soil conditions which interfere with the re-solution of the
fixed phosphates. The farmer, therefore, should be as much interested
in the nature of the fixed phosphates, and in the conditions under which
they may be re-dissolved, as he is in the quality of the fertilizer which
he adds to the soil.

In a recent bulletin (6) from this Station we presented an investiga-
tion of the least available forms of calcium phosphate, as well as the
factors conducive to maximum precipitation and minimum availability.
In addition to the insoluble calcium compound, phosphate may also exist
tn soils in very insoluble forms combined with iron, aluminum, and
organic matter. The relative value of these to the crop, and the condi-
tions under which they may be formed in calcareous soils are, there-
fore, important phases of the general problem of phosphate fertilization
in the Southwest.

Up to a comparatively few years ago, it was the general opinion that
poor availability of soil phosphate was caused by the conversion of solu-
ble forms of calcium or magnesium phosphates into the trivalent phos-
phates of aluminum and iron. This theory was proved untenable, in
part, when investigations showed that the precipitated phosphates of
these trivalent bases are readily available sources of phosphate for
plants. This aroused a certain amount of controversy from which it
developed that the precipitated, or so-called C.P. phosphates of iron and
aluminum, differed very greatly in properties and chemical composition
from the naturally occurring mineral phosphates of these bases. This is
especially true of their solubilities. The mineral phosphates (and these
may include the soil phosphates), usually possess combined hydroxyl
groups, (so-aalled basic phosphates), and this factor was found to alter
greatly the solubility of the phosphate in water and its availability to the
plant.
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The work of Marais (4) is of especial interest in this connection and
several of his conclusions are therefore quoted as representative.

"C.P. phosphates of iron and aluminum are as readily available
to the plants tested as is pure calcium phosphate. Mineral phos-
phates of iron and aluminum are not as readily available as the pure
phosphates of the same metals, due to the fact that most of them
are hydrated, basic phosphates/'

As regards the relative availability of the different mineral phosphates,
he found that there was an appreciable availability, except in the cases
of lazulite and dufrenite, which were practically unavailable.

While our soils are largely calcareous types, they may contain just
as muchi iron or aluminum as calcium, and in many cases more. It is
however in a less active form than the calcium. In spite of this though,
the role of iron and aluminum in the availability of soil phosphate must
be included as a part of any fundamental study of the problem of phos-
phate availability in alkaline calcareous soils. This is especially true of
aluminum.

Many arid soils preceding or following reclamation have contained
sufficient replaceable sodium to form small amounts of sodium hydrate,
or black allqali, by hydrolysis, which is sufficient to yield a soil reaction
of pH 8.5 or higher. Aluminum is an amphoteric element, that is, it
forms soluble salts both at acid and alkaline reactions, and would, there-
fore, be present as an aluminate in alkaline soils. Iron is not generally
believed to possess such properties, that is, it does not, under soil condi-
tions, form ferrates, corresponding to aluminates, and would have less
influence than aluminum in alkaline soils. On the other hand, as the
ferrous salt, which would be formed in puddled or poorly aerated soils,
iron might come into play as a soluble salt in an anaerobic environment.
It iss evident from this that either or both of these bases will become
involved, at some period, in the availability of phosphate under such con-
ditions as are met throughout the calcareous soils of the Southwest.

While chief emphasis is always placed on the inorganic phosphates,
principally because these forms dominate in commercial fertilizers, it
must be admitted that, in arid regions, where every available form of
organic material is added to the soil, organic phosphates are very import-
ant. We are not greatly concerned with organic forms already present
in soils, because the amount of organic matter in arid soils is so small,
but with those added in organic manures. Phosphorus occurs in these
materials in the form of lecithin, phytin, nucleic acids, and proteins, and
possibly other forms. While there has been some question as to their
value and availability, some experimental data have proved them to be
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excellent sources of phosphate. As one example we may cite the work
of Schreiner (9) and his co-workers on nucleic acids. The phosphorus
content of seeds is largely present in organic form, yet in all the plant
culture work done in our laboratory it has been found necessary to make
allowance for the rapid conversion of this phosphorus into water-soluble
forms when wheat plants are used in water-culture experiments

Arid soils are characteristically low in organic matter, with few
exceptions containing less than 1 percent. It is therefore the practice
to use both animal manures and green manures extensively in order to
give "life to the land.'1 These organic materials not only contain
organic phosphates but also influence the environmental conditions asso-
ciated with phosphate availability, fixation, or reversion. Organic mat-
ter is known to be important for its property of keeping phosphates suffi-
ciently soluble for plant growth. Organic compounds of phosphorous are
usulally quite insoluble in water, but, on the other hand are readily
decomposed by soil micro-organisms and to a certain extent by chemical
reactions in soils, which tend to present phosphates to the plant in
water-soluble forms. Zalewski ( I I ) has shown that the organic phos-
phate present in seeds enters solution quite rapidly as the result of
enzymatic reactions, and that such organic compounds may be com-
pletely changed to soluble forms during seed germination. Ay (1) says
that oats contain an enzyme, phosphatase, which degrades insoluble
derivatives of phosphoric acid to soluble forms during germination.
Needless to say organic matter and organic phosphates play an import-
ant part in the general problem of phosphate fertilization.

This bulletin covers our study of some relations of iron, aluminum,
calcium, and organic phosphates to the general problem of fixation and
availability in calcareous soils.

SOLUBILITY AND AVAILABILITY OF IRON, ALUMINUM.
AND ORGANIC PHOSPHATES

SOLUBILITY OF C.P. PHOSPHATES OF IRON AND ALUMINUM
As an initial step in this problem we sought to ascertain the avail-

ability and solubility of the C.P.5* phosphates of iron and aluminum.
The solubility was determined by shaking 1 gram of the salt with 1
liter of carbon-dioxide-free water in an end-over-end shaking machine
for 1 hour, filtering and determining the phosphate in the filtrate by the
Deniges method. The concentrations obtained were a solution of 12
parts per million water-soluble phosphate, expressed as PO4? from C.P.
ferric phosphate and 113 parts per million from aluminum phoshiate.

* 0 P. in this case refers to hi?h grade chemicals obtained from chemical supply houses.
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It is very evident that the C.P. phosphates of these trivalent bases are
suitable soluble forms of phosphate for plants. Raw South Carolina
rock phosphate yields a solution of 8.5 p.p.m. under similar conditions.

ASSIMILATION OF C.P. PHOSPHATES OF IRON AND
ALUMINUM BY PLANTS

To test the assimilation of iron and aluminum phosphates, wheat
seedlings were grown in 1-liter culture jars containing the nutrient
solitfions to which 0.5 gram of the respective phosphate was added, in
the presence and absence of calcium carbonate, as shown in the follow-
ing table. After the plants had gfown for 11 days in the nutrient solu-
tions, the tops of the plants were cut off, dried, ashed, and their phos-
phate content determined.

TABLE 1.— SHOWING THE AVAILABILITY OF IRON AND ALUMINUM PHOSPHATES
TO WHEAT SEEDLINGS.

1. Control, distilled water only

2. Ferric phosphate 0.5 gram

3. Ferric phosphate 0.5 gram rlus 1.0 gram OaCOs

4. Aluminum phosphate 0.5 gram

5. Aluminum phosphate 0.5 gram plus 1.0 gram 0aC03

Gms. P04
in 100 tops

0.02S5

0.1140

0.0712

0.1800

0.0712

Gms. POA
absorbed

0.0855

0.0427

0.1515

0.0427

This experiment, which is in accord with those oi other investigators,
shows an excellent assimilation of phosphate from these two salts. The
aluminum phosphate is apparently more readily assimilated and, as our
solubility tests showed, is much more soluble. In view of the fact
that all of our soils are calcareous, and that calcium carbonate is the
principal cause of phosphate reversion with which we have to contend,
the effect of this material on availability was included as a part of this
experiment. It will be noted that availability or assimilation is mate-
rially reduced in the presence of calcium carbonate.

On account of the greater solubility of aluminum phosphate as com-
pared to iron phosphate, the preceding experiment was repeated, using
equal concentrations of the two salts, and the cultures made to the same
reaction. The water cultures were made by adding 2 p.p.m. PO4 from
each of the plhosphates, using ordinary tap water, and the reactions were
adjusted to pH 6.0 and 7.0.

After the plants had been growing in the cultures for 8 hours the
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phosphate content of each culture solution was determined by the
Deniges method. All four cultures, two each of iron and aluminum
phosphates at both reactions, had been reduced from the original con-
centration of 2 p.p.m. to 0.4 p.p.m. PO4 . This experiment demonstrates
that at neutral or slightly acid reactions, both these phosphates are assim-
ilated in practically equal amounts if present in the solution in equal
concentrations.

SOLUBILITY OF MINERAL PHOSPHATES

Some mineral phosphates of these elements were next examined.
These included vivianite, Fe.4(PO4)._, 8 H , O ; lazulite, {MgFeCa)AL>
( O H ) 2 ( P O J 2 : wavellite, A10(OH )8{ P O 4 ) 4 H 2 O ; and dufrenite",
FePO*Fe(OH) 8 .

The principal chemical reactions in soils which bring about the changes
in phosphates are those involving the fluctuation in carbon dioxide in
the soil solution and soil atmosphere. Knowing the low solubility of
these mineral phosphates, we therefore extended our solubility studies
to include the effects of carbon dioxide on solubility.

In the first experiment 1 gram of the mineral was shaken with 1 liter
each of carbon-dio-xide-free and carbon-dioxide-saturated water, for 1
hour, in an end-over-end shaking machine. The phosphate concentra-
tions of the solutions obtained are shown in Table 2.

TABLE 2.— SHOWING SOLUBILITY OF MINERAL PHOSPHATES IN COa-FSEE AND
COa-SATURATED WATER, CALCULATED AS PO».

Vivianite, Fe3(PO4)a SH.,0, CCVfree water
Vivianite, Fe3(PO4)~ SILO, CO~-saturated water

Lazulite, (MgFeCa) A12(OH>2 (P04)_,, C02-free water
I.azulite, (MgFeCa) A1~(OH)_, ( P O j ] , CO2-saturated water

Wavellite, Al6 (OH)6 (P0 4 ) 4 H2O, C02-free water
Wavellite, Al6 (OH)e (PO4)4 HgO, CO.J-saturated water

Dufrenite, FePO4, Fe(0H) : t , C02-free water
Dufrenite, FePO4, FeCOH)^, COJ-satiirated water

P.p.m. PO4 in
solution

0.4
2.3

Trace
Trace

Trace
0.3

Trace
0.3

Vivianite, the ferrous phosphate, is the only mineral showing measur-
able solubility in carbon-dioxide-free water. There is a slight solubility
of wavellite and dufrenite in carbon-dioxide-saturated water while lazu-
lite shows no measurable solubility even in carbon-dioxide-saturated
water, and is apparently the least soluble mineral



66 TECHNICAL BULLETIN No. 40

In our previous studies we obtained evidence that the insoluble soil
phosphates usually respond to alternate saturation and de-saturation of
the medium with carbon dioxide, and, since a similar variation takes
place in soils, it is reasonable to assume that phosphate availability in
soils is largely influenced by reactions associated with changes in carbon-
dioxide concentration. In view of this, these four phosphate minerals
were subjected to carbon-dioxide saturation, by passing a stream of
carbon-dioxide gas through the mineral-water mixture, for ^2-hour and
2-hour periods, and aerating with carbon-dioxide-free air for 24-hour
periods, and the effect of this treatment on phosphate solubility was
determined. Aliquots were withdrawn after each treatment and the phos-
phate determined colorometrically. The results are given in Table 3.

TABLE 3.— SHOWING EFFECT OF CARBON DIOXIDE ON SOLUBILITY OF PHOSPHATE
IN MINERALS, EXPRESSED AS P.P.M. POi.

Vivianite

Lazulite

Wavellite

Dufrenite

C02-free
water

0.4

Trace

Trace

Trace

OO2 passed
through for

%> hour

3.1

0.3

0.7

0.9

CO2 passed
through for

2 hours

4.2

0.8

O.S

0.9

CO2 re-
moved by

by aeration

2.5

Trace

0.7

0.8

OO2 again
passed

for 2 hours

7.0

0.5

1.5

1.6

These data indicate that the solubility of vivianite is materially
increased by varying the carbon dioxide, with its accompanying H-ion
changes. There is also a slight increase in the case of the other three
minerals, with lazulite still continuing as the least soluble phosphate of
the four.

ASSIMILATION OF PHOSPHORUS FROM MINERAL PHOSPHATES
The solubility as measured by plant cultures was then studied. Wheat

seedlings were grown in water cultures, using 1-liter culture solutions
to which 1 gram each of finely ground vivianite, lazulite, wavellite, and
dufrenite respectively were added, and the cultures were kept under
observation for 20 days. The solutions were not changed during the
experiment, but were kept up to volume by the addition of water. About
50 parts per tnillion of potassium nitrate was added to the cultures upon
two occasions. The solid phosphate adhered to the roots of the plants,
and could not be readily removed, so the tops only could be used for
analysis. At the end of 20 days, the plants were harvested, dried,
weighed, and analyzed for phosphorus. In Table 4 are shown the
analyses of 100 tops, together with the amounts of phosphorus absorbed,
calculated to PO4.
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TABLE 4.—AVAILABILITY OF PHOSPHORUS IN MINERAL PHOSPHATES.

1. Control, distilled water.

2. 1 gram vivianite

3. 1 gram lazulite

4. 1 gram wavellite

5. 1 gram durfenite

Grains POt
in 100 tops

0.022S

0.0417

U. 019.1

0.0219

t Grams POi
absorbed

i

0.01 b0

O.OftOO

0.0000

0.0000

With the exception of the vivianite culture, the amount of phosphorus
found in the plants did not vary beyond the limit of error of the experi-
ment. However, the availability of the phosphorus in the vivianite was
pronounced.

This experiment was repeated, using the same procedure except that
the solutions were saturated daily to approximately one-fourth of their
carbon-dioxide-holding capacity. This was accomplished by decanting
about one-fourth of each culture solution into a flask, saturating this
with carbon dioxide at room temperatures, and returning it to the cul-
ture bottle. The cultures were kept under observation for 17 days, and
the plants analyzed as in the previous experiment. The results of these
analyses are given in Table 5.

TABLE 5.—AVAILABILITY OF THE PHOSPHORUS IX MINERAL PHOSPHATES,
IX THE PRESENCE OF CARBON DIOXIDE.

1. Control

2. 1 gram vivianite + CO2.

3. 1 £?ram lazulite -f CO2 ..

4. 1 gram wavellite + GO2

5. 1 £ram dufrenite + OO2.

Grams POi
in 100 tops

0.0276

0.0609

0.0315

0.034?*

0.0297

Grams PO*
absorbed

0.0333

0.0039

0.0072

0.0000

In the presence of carbon dioxide, the phosphorus in the vivianite was
quite available, and much more so than in the preceding experiment
where no carbon dioxide was added. There was an indication of a
sligtlit availability in the case of wavellite, but the other two minerals
showed little or no available phosphorus.

In order to determine if reaction of the culture was related to assimi-
lation, wheat plants were grown in culture solutions to which ground
vivianite and wavellite were added, the solutions being brought to definite
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hydrogen or hydroxyl-ion concentration. The culture solutions were
changed daily, so as to maintain the desired pH, and 50 parts per mil-
lion potassium nitrate was added on two occasions. After growing the
plants for 15 days, the tops were cut off, dried, and analyzed with the
results given in Table 6 expressed as grams PO4 per 100 plants.

TABLE 6,—ABSORPTION OF PHOSPHORUS BY PLANTS FROM MINERAL PHOSPHATES,
IN SOLUTIONS OF DIFFERENT pH.

1.

2.

3.

pH

5.0

7.1

9.0

Grams POt in 100 tojis

Vivid nite

0.0594

0.0390

0.0387

Wavellite

0.0297

0.0318

0.0324

ELECTRODIALYSIS OF MINERAL PHOSPHATES

In some of our phosphate investigations we have found a rather close
correlation between the rate at which phosphates ionize in the soil when
subjected to a direct current, and the availability as indicated by plants.
These observations suggested a study of the behavior of the mineral
phosphates of iron, aluminum, and calcium when subjected to this
treatment. They were therefore electrodialysed in 5-gram portions,
using the three-chamber cell such as is described in our Technical Bulle-
tin 38. For phosphate rock, only 1-gram and 0.5-gram samples were
used and the electrodialysis conducted both in the presence and absence
of calcium carbonate. The data obtained in this experiment are shown
in Table 7 and Figures 1, 2, 3, 4, and 5.

Fig. 3.— Rate of phosphate electrodlflusiou from chifremte at 0.1, 0.2, and 0.5 ampere.
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also low. Lazulite shows very little dissociation at 0.1 or 0.2 amperes
but at 0.5 amperes the complex is "split up" sufficiently to liberate the
phosphate in appreciable amounts. Tr|ese data further demonstrate the
low degree of availability which characterizes the hydrated phosphates
of iron and aluminum.

INFLUENCE OF REACTION (pH) ON PHOSPHATE SOLUBILITY

We next studied the influence of changing reaction (pH) on the phos-
phate solubility from a number of the phosphate compounds. These
included several of the calcium phosphates, the C.P. iron and aluminum
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phosphates and the mineral phosphates. Five grams of the mineral
phosphates were shaken with 1 liter of carbon-dioxide-free water and 1
gram per liter of the calcium and C.P. iron and aluminum phosphates.
After a thorough shaking they were allowed to stand over night and
the pH and phosphate concentration of the solutions determined. The
reactions of all were then adjusted to several different pH values,
ranging from pH 3.0 to 9.0, by addition of sodium hydroxide,calcitim
hydroxide, or hydrochloric acid. The solubility of phosphate and the
pH of the solutions were determined at each change in reaction. The
data obtained are given in Table 8, and shown graphically in Figures 6,
7, and 8.

The calcium phosphates are all very soluble at reactions approximating
neutrality, and highly soluble at only slightly acid reactions. In alkaline
solutions, where alkalinity is entirely due to calcium, either as carbonate,
or hydroxide, the solubility is reduced to practically zero, so far as its
value to the plant is concerned. On the other hand, where alkalinity is
due to sodium, the solubility is increased over that in the presence of
calcium.

C.P. iron phosphate dissolved in water gave a reaction of pH 6.6, and
yielded a solution containing 12 parts per million phosphate (PO4) .
There was little change in solubility with increase in acidity to pH 4.0.
On the other hand, there was a rapid reduction in solubility with increase
in pH where alkalinity was due to calcium, and an increase even over
the solubility at acid reactions, when the pH was raised by the addition
of sodium hydroxide. Vivianite, the mineral iron (ferrous) phosphate
shows a measurable increase in solubility both in faintly acid solutions,
and in sodium hydroxide solutions, but the solubility is reduced to prac-
tically zero in the presence of calcium hydroxide. Dufrenite, the hy-
drated iron (ferric) phosphate shows no measurable phosphate solu-
bility with either sodium or calcium hydroxides but is appreciably soluble
between pH 6.0 and 3.0. The solubility of iron and aluminum phos-
phates in alkaline solutions, and alkaline soils, is due to the low solu-
bility of the hydroxides of these elements.

Aluminum phosphate is much more soluble than the iron salt but is
relatively more sensitive to changes in reaction. In the presence of
calcium hydroxide, the solubility changed from 113 p.p.m. at pH 6S to
17 p.p.m. at pH 9.4. Solubility in sodium alkalinity is very high and
it is interesting to note that at pH 9.4 the solubility is 166 p.p.m., in
sodium hydroxide solution and 17 p.p.m. for calcium hydroxide solu-
tion. This is of course due to the difference in solubilities of the sodium
and calcium aluminates. Of the mineral phosphates, lazulite appears
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Fig. 8.— Effect of reaction (pH) on the solubility of phosphate in the mineral phosphates of
iron and aluminum. Broken lines represent sodium alkalinity and solid lines ca,leium alkalinity.

(1) dufrenite, (2) lazulite, (3) wavellite, (4) vivianite.
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to be the least soluble and the least affected by reaction changes. Wavel-
lite on the other hand is quite soluble in both acid and alkaline (sodium)
solutions.

SOLUBILITY OF PHOSPHATE OF PHYTIN
Where green manuring is extensively practiced, or where barnyard

manures are utilized, the relative value of organic phosphates is of
special interest in the problem of phosphate fertilization. Of the
organic phosphate compounds, the most important and most abundant
are phytin, which is a calcium-magnesium salt of inositol phosphoric
acid, lecithin, which is a choline-glycerol-phosphoric acid, and nucleic
acid, the full constitution of which is unknown, but is known to break
down into phosphoric acid, a carbohydrate and a,1 purine, or pyrimidine,
base. Phytin is probably the most abundant in plant materials. While
in some quarters, organic phosphates have been considered unavailable,
Whiting and Heck (10), as well as a number of Japanese investigators,
have had remarkable success with them in an experimental way as
sources of phosphate for plants.

Pierre and Parker (8) have obtained results somewhat at variance
by using soil solutions for plant cultures. The soil solution, as obtained
by extraction or displacement, invariably contains two rather definitely
defined forms of soluble phosphate. If water-soluble phosphate is deter-
mined on the soil solution direct, and after evaporation to dryness and
gentle ignition with magnesium nitrate, it will be found that the latter
determination yields a much higher amount oi phosphate than the former.
Pierre and Parker (8) have classified the phosphate, which is brought
into solution" by ignition, as organic phosphate, and have found, on
growing plants in soil-solution cultures, that this form of phosphate is
not taken up by the plant.

The solubility of phytin is illustrated by the following experiments.
One-fourth gram of phytin was shaken with 500 cc. of carbon-dioxide-
free water, and found to have a solubility sufficient to yield a solution
of 9 parts per million PO4, which was increased to 11 p.p.m. on saturat-
ing the water with carbon dioxide. The effect of calcium carbonate
and sodium bicarbonate was then determined as follows: In the one
case, 1 gram calcium carbonate and 0.25 gram phytin were placed in a
liter bottle with 500 cc. of water. In the second case 0.5 gram sodium
bicarbonate and 0.25 gram phytin were placed in a liter bottle with 500
cc. of water. Carbon-dioxide-free water was used. The solubility was
determined, after which it was saturated with carbon dioxide, and the
solubility again determined. The mixtures were then alternately satur-
ated and freed of carbon dioxide four times more, the PO4 concentration
being determined at each step. The results are given in Table 9.
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TABLE 9.— EFFECT OF CARBON DIOXIDE ON SOLUBILITY <>F PHuSPH\TE
FROM PHYTiX.

Original, COa-free

Saturated with COs

Aerated * for 24 hours

Saturated with CO2

Aerated for 24 hours

Saturated with COs

Aerated for 24 hours

Saturated with COs

Aerated for 24 hours

Saturated with COs

CaCOs

p.p.m.
POt

9.0

9.0

9.0

9.0

3.0

13.2

O.S

12.0

O.S

9.0

Reaction
pH

5.2

s.:>
6.0

S.7

5.S

S.6

6.2

S.4

6.4

XaHCOs

p.p.m.
POt

9.0

13.0

16.0

13.0

14.2

Reaction
FH

6.6

9.2

7.0

9.4

*Aeration was conducted with carbon-dioxide-free air.

The data obtained in this experiment are quite significant, and show
that phytin should be readily soluble in alkaline soils. In the presence
of calcium carbonate the solubility is not affected, but after several
alternate saturations with carbon dioxide, the phytin molecule begins
to v'split." The solubility of phosphate is increased in presence of car-
bon dioxide, and decreased when carbon dioxide is removed, and in this
manner acts very similar to carbonato-apatite. It is evident from these
experiments that the phosphate in phytin should be a fairly available
form of phosphate, and this is further indicated by subsequent experi-
ments.

ELECTRODTALYSIS OF PHYTIN

The effect of a direct current on the solution or dissociation of phos-
phate from phytin was determined by subjecting 0.46 gram of phytin
(0.1356 gm. PO4) to a current of 0.2 ampere and 12 volts for a period
of 7 hours. From the solution in the anode chamber, volume 1,250 cc,
10 cc. were withdrawn at intervals during the 7 hours, and phosphate
determined by the Deniges method. The results are given in Table 10,
and show a high initial dissociation but rather low dissociation after
the second hour.

TABLE 10.— ELECTRO-DIALYSIS OF PHYTIN',

Time in hours:

Mg. PC* in anode solution

1

3.1

2

5.7

3 5

5.S 6,2

7

6,9
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EFFECT OF REACTION OX SOLUBILITY OF PHOSPHATE
OF PHYTIN

The effect of reaction on the solubility of phosphate in phytin was
determined by the same procedure which was described in presenting
the effect of reaction on the solubility of iron and aluminum phosphates.
Using 0.46 gram phytin per liter of water, adjusted to the reactions
given in Table 11, the solubilities given in this table were obtained.
These data are also shown graphically in Figure 9.

The solubility of phosphate in phytin reacts toward changes in pH in
a manner very similar to the iron and aluminum phosphates. It is
much less soluble in acid solution than in alkaline solution. Above pH
7.0, in sodium hydroxide, the solubility steadily increases, while in solu-
tions of calcium hydroxide, solubility steadily decreases with increase in
pH until it is practically all precipitated at pH 9.0.

TABLE 11 —EFFECT OF REACTION

pH

V p.m. PO4
soluble.

3.0

1.6

4.9

1.4

5 8

2.0

(pH) ON SOLUBILITY OF PIIObPIIATE IX l>m TIN.

6 6

s 0

8 3

5 0

9 2

0,6

6.2*

10 0

7 2*

11 5

S 2*

12.2

9 0*

12 6

•Alkalinity due to NaOH.

BEHAVIOR OF IRON AND ALUMINUM PHOSPHATES
IN CALCAREOUS ALKALINE SOTLS

Having demonstrated the relatively large solubility of the phosphates
of iron, aluminum, and organic phosphates at alkaline reactions where
sodium hydroxide is present, it seemed logical, in view of the presence
of black alkali in many of our soils, that at various periods these phos-
phates will be present in the soil solution of Arizona soils. In order to
study their behavior under these conditions experiments were conducted
by placing solutions of these phosphates in contact with calcareous alka-
line soils. As an experimental procedure, definite amounts of ferric and
aluminum phosphate solutions were added separately to the following
series of treatments.

1. Control—distilled water only.

The water contained 1.0 gram calcium carbonate per 500 cc.

The water contained 0.1 gram sodium bicarbonate per 500 cc.

Ten grams soil were added to 500 cc. water.

5. Ten grams soil and 0.1 gram sodium bicarbonate per 500 cc. water.

6. Ten grams soil and 1.0 gram sodium chloride per 500 cc water.

2.

3.

4.
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After shaking these for 1 hour in an end-over-end shaking machine,
the soluble phosphate was determined to ascertain the amount soluble
under these conditions. The pH of the solution was also determined.
They were then treated with carbon dioxide by passing a stream of the
gas through them for 15 minutes. The soluble phosphate and pH were
again determined. The carbon dioxide was then removed by aeration
with carbon-dioxide-free air, and the same determinations repeated. Then
each operation was again repeated and the solutions again analyzed. The
data are given in Table 12.

TABLE 12.— SOME FACTORS WHICH INFLUENCE SOLUBILITY OF FERRIC AND
ALUMINUM PHOSPHATES IN SOILS.

Feiric phosphate

Original
Saturated
with COa

Aerated with
COa-free air

Saturated
with COa

Aerated with
C02-free air

p.p.m.
POi pH

Control

1.0 gm. CaOO3

0.1 gm. NaHOOs

Soil

Soil: 0.1 gm. XaHCOs*

Soil: 1.0 gm. XaCL...

Oontrol

1.0 gm. CaOOs

0.1 gm. NaHOO3

Soil

Soil: 0.1 gm. NaHC03

Soil: 1.0 gm. NaCl

5 8

4.3

6.6

4.S

6.2

3.5

p.p.m.
POi

6.S

7.4

7.8

S.O

7.8

7.1

7.7

8.0

1.0

4.0

4.0

pH
p.p.m.

POi

4.0

6.2

6.4

6.4

6.6

6.5

7.1

0.0

7.1

Tr.

1.7

0.4

pH_

7.6

8.2

9.2

8.2

9.0

8.4

p.p.m.
POi DH

7.4

5 5

S.O

4.0

4.0

4.4

6.4

6.2

6.4

6.4

6.5

p.p.m.
POt

7.4

Tr,

S.O

0.4

1.2

0.4

pH

7.8

b.2

9.2

8.2

0.2

8.2

Aluminum phosphate

15.5

15.5

13.1

10.8

11.4

10.9

6.4

7.6

7.8

S.4

8.4

7.6

15.5

15.5

13.5

9.0

8.0

8.0

4.0

6.2

6.2

6.2

6.6

6.4

14.5

1.0

14.5

0.5

3.6

0.4

7.0

8.4

9.4

8.3

9.0

8.4

16.0

11.4

lo".0

7.1

8.0

8.0

4.2

6.2

6.2

6.4

6.4

6.8

15.0

Tr.

15.0

1.2

3.0

1.4

7.4

8.4

9.4

8.4

9.2

8.4

Control. This part of the experiment involved the effect of carbon
dioxide as well as the absence of carbon dioxide on the solubilities of
these salts and as expected, the data show little or no variation. The
control series is included in the experiment for purposes of comparison.

Calcium Carbonate. The effect of calcium carbonate upon the solu-
bility of iron and aluminum phosphates is very similar. In the absence
of carbon dioxide, the solubility is reduced to practically zero, but, in
the presence of free carbon dioxide it is not greatly reduced.
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Sodium bicarbonate. This salt has little or no effect upon the solu-
bility of the tribasic phosphates. I t is of interest, however, that the
solubility is practically the same, regardless of the presence or absence
of free carbon dioxide, that is, whether hydroxyl ions are present or
absent from the system.

Soil. In the next three treatments, 10 grams of soil were added. I t
should be understood that the soil used was calcareous, and representa-
tive of Southwestern arid soils, but that we have usually found that the
calcium carbonate is less active chemically than the finely divided calcium
carbonate used in the first part of this experiment. The solubility of
both the iron and aluminum phosphates in contact with soil is very
similar to where calcium carbonate was added, except that where free
carbon dioxide is present the solubility is less with the soil than where
soil is not present. This is probably an adsorption phenomenon in which
the soil colloids play a part. Solubility of iron phosphate is much fur-
ther reduced than the aluminum phosphate in contact with soil, and
this relation still holds true when sodium bicarbonate or sodium chloride
is added to the system. The influence of reaction is well illustrated
where soil alone and soil with sodium bicarbonate are used, as the
greater alkalinity in the presence of sodium carbonate maintains a greater
solubility of phosphate in the absence of free carbon dioxide.

EFFECT OF IRON, ALUMINUM, AND SILICA UPON THE
SOLUBILITY OF PHOSPHATES IN CALCAREOUS,

ALKALINE SOILS

The object of this experiment was to determine the influence of the
salts of iron, aluminum, and silica in several forms and combinations
upon the solubility of calcium phosphate in the presence or absence of
calcium and sodium carbonates. One gram of phosphate rock was added
to 500 cc. of water to which was also added a solution of double super-
phosphate sufficient to give a P O 4 concentration of about 40 parts per
million, the P O 4 concentration of a 1:500 extract of phosphate rock
being about 5 parts per million. The reagents shown in Table 13 were
also added before making to volume. They were then shaken for 1
hour in an end-over-end shaking machine, and the phosphate determined
as given in column 1, Following this they were saturated with carbon
dioxide by bubbling a stream of the gas through them for 15 minutes
and the soluble phosphate again determined as given in column 2. Next
they were aerated with carbon-dioxide-free air for 24 hours and the
soluble phosphate again determined. This process of carbon-dioxide
saturation, and aeration with carbon-dioxide-free air, was repeated sev-
eral times as shown in the table, and soluble phosphate determined after
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each. The reaction in each case was also determined. It is believed
(hat this procedure closely imitates the conditions that are met in our
arid soils, namely that they are continually being subjected to changing
concentrations of carbon dioxide in the soil confines (the root-soil con-
tact zone). The data are given completely in Table 13.

Iron salts, as represented by ferric chloride, brought about a steady
reduction in solubility of phosphate both in carbon-dioxide-free and
carbon-dioxide-saturated water, with little change in reaction. The final
concentration of 1.5 parts per million is still however sufficient to support
good plant growth if it can be maintained. It is evident that a basic
phosphate of iron has been formed, as shown by the fact that solubility
is not affected by carbon dioxide. On the other hand where calcium
carbonate was present along with the ferric chloride the reduction in
solubility was complete and immediate. It is of interest that the com-
pound formed under these conditions was not soluble in carbon dioxide
which identifies it as being different and much less soluble than the
carbonato-apatite compound which is formed by tricalcium phosphate
in contact with soluble and solid-phase calcium carbonate. This is all
the more significant in that, even though the reaction of the carbon-
dioxide-saturated solution reached pH 5.4, the insolubility of phosphate
still persisted. These data should be compared with the next set where
calcium carbonate alone was present. Under these conditions, the com-
pound is soluble to the extent of 6 p.p.m., in contact with an excess of
carbon dioxide, which reverts to a concentration of 1 p.p.m., when car-
bon dioxide is removed from the solution. In this case the carbonato-
apatite has been formed.

Where ferric hydroxide was used, the original phosphate concentra-
tion indicates an adsorption of phosphate, and a more rapid reduction
in solubility from the carbon dioxide saturation and aeration treatment
is shown. Adsorption is further indicated by the fact that solubility is
increased by carbon dioxide. When calcium carbonate was added with
the ferric hydroxide, solubility of phosphate was still further reduced
but not so completely as where ferric chloride was present. There is
more colloidal adsorption when ferric hydroxide is present. On adding
sodium carbonate to the system only a slight increase in solubility from
alkalinity (hydroxyl ion) was noted as compared to the two preceding
treatments.

In soils of reaction above neutrality, aluminum may be present in solu-
tion as an aluminate salt. In previous investigations (2) we have
shown its presence in black-alkali soils. It is certain on this basis that
aluminates will exert some influence over phosphate availability in
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reclaimed soils, at least those which contained some black alkali. As
shown in the table, on adding sodium aluminate to the solution of super-
phosphate in contact with phosphate rock, reaction plays an important
part in solubility. In the absence of carbon dioxide, where the reaction
rises to pH 9.0 or higher, the solubility of phosphate is increased by
the alkalinity while it is reduced to 1 p.p.m. or less, when the reaction
is lowered by saturation with carbon dioxide. By including calcium
carbonate in the system, the solubility relationships are similar to those
often noted in our soils. The presence of calcium carbonate lowers the
solubility of phosphate in the absence of free carbon dioxide as compared
to the previous treatment, but it is still further reduced when the system
is saturated with carbon dioxide and the reaction reduced.

In the presence of sodium silicate, which is a constituent of alkali
soils, a high solubility of phosphate is maintained, regardless of the
reaction, and presence or absence of carbon dioxide. When sodium
aluminate is added to the system the results are quite different. Solubility
is greatly reduced in all cases, a low minimum of 0.3 p.p.m. in the pres-
ence of free carbon dioxide and a concentration of 6 p.p.m., in the
absence of free carbon dioxide and a reaction of pH 9.4. When iron
in the form of ferric chloride is added to this system, phosphate solu-
bility is immediately reduced to 1 p.p.m., or less, and is not greatly
influenced by the presence or absence of carbon dioxide.

Aluminum chloride alone has little effect upon the concentration of
phosphate under the conditions of this experiment, an interesting con-
trast to the data obtained where ferric chloride was used. This too is
in spite of the fact that the reactions throughout were very similar with
both salts. On the other hand where calcium carbonate was added to
the system, a completely insoluble phosphate compound was formed,
with solubility properties exactly the same as where ferric chloride and
calcium carbonate were present.

Aluminum hydroxide, like aluminum chloride and unlike ferric chloride
and ferric hydroxide, has limited influence upon the concentration of
phosphate in this experiment when used alone. When calcium carbon-
ate is added the solubility is reduced to 1 p.p.m. in carbon-dioxide-free
and 6 p.p.m. in carbon-dioxide-saturated water. It is significant that
with both the iron and aluminum salts the phosphate is more soluble in
the presence of the hydroxide than where the chlorides are present. It is
also of interest that the complex ia combination of adsorbed and chem-
ically combined phosphate) formed in the presence of aluminurfi hydrox-
ide is more soluble in the presence of free carbon dioxide tiNan is that
formed with ferric hydroxide. When sodium carbonate is added to
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the system the alkalinity, in absence of carbon dioxide, is increased, as
one would expect, and with it an increase in solubility of phosphate. The
presence of sodium carbonate, or rather sodium bicarbonate, where the
system is saturated with carbon dioxide, slightly increases solubility, even
in the presence of calcium carbonate.

The most illuminating feature of this experiment is the fact that, in
practically every case where calcium carbonate was added to the system^
a minimum solubility resulted. This suggests that in our Arizona soils
very insoluble and unavailable forms of phosphate will be formed if
solutions of iron or aluminum salts come into play. It also explains the
depressed plant growth often obtained in liming acid soils, especially
later it e types.

FIXATION OF PHOSPHATES BY IROX \XD ALUMINUM
HYDROGELS AND COLLOIDAL SILICA

The fixation of phosphates by the hydroxides of iron and aluminum was
demonstrated in another way, and at the same time, the adsorbing power
of colloidal silica was determined. Ferric and aluminum hydrogels were
prepared by neutralizing solutions of their chlorides, with ammonium
hydroxide, and washing the precipitate free of chlorides. Colloidal
silica was prepared by treating sodium silicate with hydrochloric acid to
a gel, and then dialysing until free of soluble salts. All three colloids
were then shaken with 1 liter of 0.05 X K>HPO4 solution, the propor-
tion being 4 percent of actual solid gel material in each. These were
shaken in an end-over-end shaking machine for 2 hours and filtered
with the aid of suction. This operation was repeated until the colloids
became so badly dispersed that filtration was too slow and teditis to pro-
ceed further. From this point the colloids were allowed to stand for
periods of 1 week after shaking, and the clear supernatant solution with-
drawn, testing, each time, the phosphate concentration of the water. This
operation was continued for 4 months, during the whole period of which
a very strong test for phosphate was obtained by the Deniges method.
The experiment seemed to indicate that this slight solubility would con-
tinue indefinitely. At this point the colloids were subjected tOj electro-
dialysis, during which the silica gave up its phosphate very rapidly. In
two 9-hour periods of electrodialysis at 0.2 amperes, 12 volts, the silica
was entirely free of phosphate. On the other hand the iron and alumi-
num hydrogels over a period of four 9-hour periods of 0.5 amperes and
40 volts, still continued to yield an anode solution containing 1 to 2
p.p.m. PO4 with the iron hydrogel yielding less phosphate than the
aluminum.

At this point a portion of the hydrogel was evaporated to dryness and
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the percentage of phosphate determined. It was found that the alumi-
num hydrogel contained 6 percent PO4 and the iron hydrogel 8.6 percent
PO4J all of which was completely soluble in dilute hydrochloric acid,
practically insoluble in water, and difficultly ionized by electrodialysis.

Silica is an electronegative colloid, and phosphate ions being also elec-
tronegative, the two should be easily and quickly separated by electro-
dialysis. This was found to be true, and it is safe to say that colloidal
silica should aid phosphate availability by fixing phosphate in a readily
soluble form. It should be mentioned at this point, it has been experi-
mentally demonstrated that the application of phosphate fertilizer mixed
with colloidal silica has improved the availability of the phosphate under
field conditions (3).

TABLE 14.—SHOWING EFFECT OF pH ON SOLUBILITY OF PHOSPHATE IN FERRIC
AND ALUMINUM HYDROGELS.

pH

9.3 *

8.4

7.4

7.2

6.0

3.0

Fe(OH)s

pp.ra. POi

14.00

0.24

0.24

0.24

0.36

0.60

pH

8 6

8 2

8.S

7.6

7.2

6.4

4.4

4.0

Al(OH)s

p.p.m. PO4

42.0

18.0

2.0

1.8

0.8

0.5

1.0

3.5

* Underlined figures represent sodium hydroxide.

The iron and aluminum hydrogels are electropositive in acid, and
electronegative in alkaline solutions, and should therefore give up their
adsorbed phosphate readily in alkaline solutions, just as does silica, and
very slowly at acid reactions. This is very well demonstrated in figures
7 and 8 and by the following experiment. A portion of each of the
above hydrogels was evaporated to dryness and 1 gram each shaken
with 1 liter of water. The reaction (pH) and soluble phosphate were
determined- The pH was then varied in portions of the mixture by
adding sodium hydroxide, calcium hydroxide, or hydrochloric acid.
The pH and phosphate solubility were determined at each step. The
data are given in Table 14 and show the greatest solubility at alkaline
reactions where sodium hydroxide is used. This again demonstrates
what often takes place under Southwestern soil conditions, namely high
solubility of phosphate in black-alkali soils, and reduction in solubility
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of phosphate as the reaction of such soils is lowered during their recla-
mation. The data in Table 14 and Figure 10 show that the sesquioxide
ihydrogels yield their phosphate to solvent reactions much more readily
than the mineral phosphates of these same bases, and indicate that the
ultimate formation of the compounds represented by these minerals in
soils is open to question. One outstanding fact is the greater solubility
of phosphate from the alumina hydrogel as compared with the iron
hydrogel. Iron hydrogels are apparently then the stronger fixing col-
loids.

FIXATION OF PHOSPHATES BY CALCAREOUS SOIL

As mentioned before, Arizona soils are well supplied with total phos-
phorus which however, for reasons already cited, are usually(5, 6) of
low availability. These soil studies have indicated that the physical con-
dition of the soil is vitally connected with the degree of reversion of
soluble phosphates to insoluble forms, and that compounds of least
solubility may be developed in a puddled or poorly aerated calcareous
soil. Under these conditions phosphate which is applied as fertilizer
probably assumes the same composition as that of the insoluble phos-
phates which already occur in such soils. Fixation is an exceedingly
important question in the fertilization of calcareous soils, for obviously
it is not advisable to apply a phosphate to a soil and have the phosphorus
fixed in a difficultly available form before the plant can absorb it.
Phosphate penetration is greatly limited in a calcareous soil, and high
concentrations cannot remain long in solution. The presence of
hydroxyl, bicarbonate, and carbonate ions, or of oxygten and free carbon
dioxide, play important roles in phosphate fixation, solubility, and assimi-
lation, and are involved in most of the theories which have been advanced
in this connection.

Limited penetration and strong fixation are experimentally illustrated
m the following experiment and Figure 11. In this experiment 1,000
grams of soil were placed in a large glass percolator, 1 gram treble-super-
phosphate, 40-percent water-soluble P2O5 added to the surface, and then
the soil was leached with 6 liters of water. The soil column was then
cut into 3-inch sections and tomatoes planted in each section. The com-
parative growth bf "the plants after one month is shown in Figure 11;
reading from left to right, the first, second, third, and fourth 3 inches.
The water-soluble phosphate was also determined in each section and
was found to be 37 p.p.m. for the first 3 inches, 2.7 p.p.m. for the
second, 0.37 p.p.m. for the third, and 0.27 p.p.m. for the fourth. It
should be mentioned at this point that, in all of our soil analyses of field
samples, the water-soluble phosphate in the subsoil has been found to
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Fixation and availability under field conditions are well illustrated in

Figure 12. This illustration shows the growth of tomatoes in the first,

second, and third 6 inches of soil horizon from a phosphate-fertilized

citrus orchard.
Considering the phosphates of calcium, those containing the least

amount of base are the most soluble, while those containing the largest
amounts are the most insoluble. Likewise the degree of hydrat ion plays
a part as its magnitude coincides with solubility. I n commercial acid
phosphates which are manufactured by adding sulphuric acid to phos-
phate rock, three forms of calcium phosphate are supposed to exist.
These, together with phosphoric acid, are expressed by the following
formulas:

Phosphoric acid HaPO» or 3HaO, P2O5
Monocalcium phosphate, water soluble Ca(HPO4)a or ICaO, 2H2O, P2O5
Dicalcium phosphate, citrate soluble Cai(HPO0^or 2CaO, 1H3O, P9OB
Tricalcium phosphate, insoluble Ca3(PO4)2 or 3CaO, P2O5

It will be noted from these formulae that as the percentage of calcium
increases the amount of water decreases. The solubility in water is
similarly related. Monocalcium phosphate is quite soluble, dicalcium
phosphate is only slightly soluble but goes into solution rapidly enough
to supply the needs of crops, especially if the soil is well aerated, while
the tricalcium phosphate is supposed to be almost insoluble. In studies on
the composition of bones, several physiologists have recently reached the
conclusion that there is no such compound as that represented by the
empirical formula Ca3(PO4)2, but that calcium always occurs in excess
of that represented by the above formula. Our soil investigations have
shown that the same applies to soil phosphates and that the final rever-
sion of calcium phosphate to its least soluble form is as a carbonato-
phosphate compound in which calcium carbonate is chemically combined
with calcium phosphate to form calcium carbonato-apatite. In culture
tests we have shown the poor availability of this compound. If a com-
pound of the empirical formula tricalcium phosphate were possible of
formation in soils there would be few cases of phosphate deficiency.
While in a previous bulletin we have stressed the occurrence of the car-
bonato-apatite compound in calcareous soils as being the most important
compound associated with fixation and causing low availability, it is not
denied, however, that iron and aluminum compounds may be involved
to a limited extent.

In order to determine the relative fixing power of a calcareous soil
for several common forms of phosphate the following! experiment was
conducted. The purpose of this was to obtain chemical data which
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would evaluate the different forms of phosphate for use on Arizona
soils. The procedure followed was to shake solutions of known con-
centration of phosphate with soil and determine the effect of the presence
or absence of carbon dioxide upon the solubility.

The phosphate salts used were the C.P. tri-, di-, and mono-calcium
phosphates, C.P. diammonium phosphate, treble superphosphate and
ax\mmophos A." These were added, in the amounts given in Table 15,
to 100 grams of soil and 500 cc. of water and shaken in an end-over-end
shaking machine for 1 hour. Each treatment was made using both the
soil alone and after adding 1 gram calcium carbonate. After shaking
they were filtered to obtain 50 cc. of filtrate and phosphate determined in
the nitrate. The results are given in column 1 of Table 15 as parts per
million POj in the filtrate. The monocalcium phosphate, superphos-
phate, Ammophos, and ammonium phosphate yielded solutions of very
high phosphate concentration. But in every case where additional
amounts of calcium carbonate were added the phosphate solubility was
reduced.

The bottles were then connected as a chain in series, and carbon-
dioxide gas passed through all the soil-water mixtures for J/2 hour. They
were again filtered to obtain 50 cc. of filtrate and phosphate determined
with the results given in column 2, Table 15. The solubility of tri-
calciurn phosphate was increased, as was also the control to which no
phosphate was added, due probably to the formation of some dicalcium
or monocalcium phosphate. In all other cases the carbon dioxide
reduced the concentration of phosphate as a result of the increase in
calcium ions in the solution. It is significant, though, that the ammon-
ium phosphate and monocalcium phosphate solutions maintained a high
concentration of phosphate.

Attention is called to the fact that where high concentrations of phos-
phate were added the solubility was reduced by carbon dioxide, yet in
all our previous studies with soils where only small amounts of soluble
phosphate are present an increase in solubility had been obtained. This
seems to show that the plant, as well as all other biological life in the soil,
acts as an equalizer of phosphate concentration in the soil solution. Where
phosphate solubility is low or a deficiency exists, carbon-dioxide exuda-
tion increases the solubility of phosphate in the soil solution and aids in
its availability. On the other hand where a high concentration exists
in the soil solution, either naturally or immediately following fertiliza-
tion, carbon-dioxide exudation will reduce the phosphate concentration
of the soil solution partly by the common-ion-effect of calcium (calcium
bicarbonate) and partly by precipitation as dicalcium phosphate or car-
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bonato-apatite. The plant itself can therefore utilize carbon dioxide both
in decreasing the phosphate in the soil solution thus building up reserve
phosphate in the soil where an excess is present, and in increasing the
solubility of phosphate where a deficiency exists or the phosphate is
present in difficultly soluble forms and of low concentration in the soil
solution.

After saturation with carbon dioxide the soil-water mixtures used in
this experiment were aerated for 24 hours with carbon-dioxide-free air.
Fifty cubic centimeters were again removed by filtration and phosphate
determined in these with the results given in column 3. It will be noted
that all are reduced to about the solubility of dicalcium phosphate, the
ammonium phosphate holding a slight advantage. All were saturated
with carbon dioxide, and soluble phosphate determined with the results
given in column 4. The solubility of tricalcium phosphate has been
reduced by formation of carbonato-apatite. Dicalcium phosphate has
been restored to its original solubility. The solubility of the mono-
calcium phosphate and ammonium phosphate have again increased but
are far below their original solubility. Ammophos maintained a higher
solubility than double superphosphate.

The entire series of treatments was then freed of carbon dioxide
by areation, by boiling the soil-water mixture for 5 minutes, and by
boiling for 5 minutes, after adding additional calcium carbonate. The
phosphate concentrations of the water extracts following these treat-
ments are given in columns 5, 6, and 7 respectively. On aeration the
soluble phosphate is again reduced to approximately the solubility of
dicalcium phosphate. This is further reduced on boiling, and even after
additional calcium carbonate has been added, concentrations in excess
of 1 p.p.m. PO4 are maintained.

The above treatments, which may be more severe than would be met
in the soil, have decreased the concentration of tricalcium phosphate to
zero by formation of the carbonato-apatite, and illustrate why such
materials as phosphate rock are not suitable phosphate fertilizers for
calcareous soils. On the other hand the experiment. demonstrates that
the phosphate fertilizers represented by double or treble superphosphate
and Ammophos, especially the latter, remain indefinitely as readily avail-
able forms of phosphate in calcareous soils with a slight balance in
favor of the ammonium salt. These chemical data have been confirmed
by pot experiments.

In the table reversions of added phosphate are probably, in part at
least, due to a physical adsorption of the phosphate by soil colloids, thus
removing it from the soil solution and away from the immediate sphere
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TABLE 16.— REACTION BETWEEN CALCIUM CARBONATE AND PHOSPHATES OF
CALCIUM IN ABSENCE OF SOIL.

Tri-calcium DliGSDlititG -•-. - *.—

Di-calcium "DhosDh&tc

Mono-calcium phosphate

Original

6.2

5.8

28.0

P.p.m. PO<t in

After boiling

0.26

Trace

0.36

solution.

After
saturation
with COa

1.0

2.8

12.0

After
boiling

second time

0.0

0.0

0.0

70

*
'*

-70

Fig. 13.—The relative fixation of phosphate by calcareous soils from (1) double superphos-
phate, (2) iron phosphate, (3) Aramophos, and {i) aluminum phosphate using carbon-dioxide-

free water.

With this data on most of the common fertilizer materials, we then
selected the two outstanding Ammophos "A" and double superphosphate,
and quantitatively compared their fixation with those of iron and alumi-
num phosphate in the following experiment.

Solutions containing varying amounts of phosphate ion, 5 to 100
p.p.m., from C.P. ferric phosphate, C.P. aluminum phosphate, double
superphosphate, and Ammophos "A" were prepared and 500 cc. of each
shaken with 100 grams of soil. After shaking they were allowed to
stand over night, 50 cc. removed by filtration and the amount of phos-
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¥0 JO

PPM Pa¥
Fig. 14.—The relative fixation of phosphate by calcareous soils from (1) double superphosphate,
(2) iron phosphate, (3) Ammophos, and (4) aluminum phosphate using eartxm-dioxide-saturated

water.

phate fixed was determined. These data are shown in the first part of
Table 17. They were then saturated with carbon dioxide, another 50 cc.
removed by filtration, and phosphate determined as shown in the second
part of Table 17. Finally the soil-water mixtures, after saturation with
carbon dio-xide, were boiled to free them from carbon dioxide, then
filtered and phosphate again determined in the filtrate. The data in the
first part of the table show the greatest fixation for superphosphate while
the phosphate ions from the ammonium, iron, and aluminum salts is less
readily fixed or precipitated. In the second part of the table carbon
dioxide is shown to greatly increase fixation or precipitation and the
relative fixation is similar to that in the absence of carbon dioxide for
the four different forms of phosphate.

On removing the carbon dioxide by boiling, all the phosphates were
precipitated practically completely. The relative fixation under the first
two treatments is shown graphically in figures 13 and 14.
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TABLE 1

Phosphate
p.p.m. POJ

5

10

20

40

80

100

7.— RELATION BETWEEN PHOSPHATE
PHOSPHATE ION FROM DIFFERENT

added
sol. FePOi

3.3

7.6

12.0

30.0

29.0

CONCENTRATION AND FIXATION OF
PHOSPHATE MATERIALS.

P.p.m. PO4 fixed by soil from solution

A1PO4

3.0

6.4

10.0

15.0

25.0

29.0

Superphosphate

$.4

7.S

15.0

29.0

57.0

68.0

Ammo-phosphate

3.2

6.7

11.7

20.0

30.0

29.0

Effect of CO2 on fixation

5

10

20

40

80

100

4.1

8.5

15.5

48.0

45.0

3.6

7.6

11.9

21.6

30.0

31.0

3.9

8.4

17.4

33.8

64.7

80.7

3.6

7.2

12.9

23.0

30.0

38.0

Effect of boiling

5

10

20

40

80

100

4.5

9.2

18.8

76.9

95.6

4.4

8.8

18.4

37.8

76.0

95.5

4.5

9.3

18.7

38.4

77.5

96.5

4.5

9.3

18.6

37.3

76.3

93.5

FIXATION OF PHOSPHATES IN PUDDLED SOILS
Throughout our investigations it has been consistently observed that

both relative and absolute fixation are greater in puddled soils than in
soils of normal structure. These observations suggest that lack of
aeration plays an important part in fixation of phosphates in calcareous
soils. The following experiments were conducted to study this phase of
the problem.

In this experiment 2,000 grams of soil were weighed into large beak-
ers, and the following additions made, after which the whole was well
mixed and brought to the desired moisture content.

I. Two thousand grams of soil, 25 grams aluminum hydroxide, 10
grams calcium carbonate, 50 miligrams PO4 in the form of a solution
of double superphosphate, were well mixed, brought to optimum mois-
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ture content and incubated for 3 months. The whole was kept well
aerated, and optimum moisture content was maintained throughout this
period.

2. Same as 1 except that an excess of water was added and the soil
badly puddled by working while at this high moisture content. An
excess of water and an unaerated condition was maintained throughout
the period of the experiment.

3. Same as 1 except that no calcium carbonate was added to the
mixture.

4. Same as 2 except that no calcium carbonate was added to the
mixture.

5. 6, 7, and 8 were the same as 1, 2, 3, and 4, respectively, except that
25 grams of ferric hydroxide were added instead of aluminum hydrox-
ide.

9 and 10 were the same as 1 and 2, respectively, except that 5 grams
of sodium aluminate were added instead of 25 grams of aluminum
hydroxide.

11 and 12 same as 1 and 2, respectively, except that 5 grams of ferrous
sulphate were added instead of 25 grams of aluminum hydroxide.

At the end of 3 months' time the soils were dried in the air and phos-
phate solubility studied, using carbon-dioxide-free and carbon-dioxide-
saturated water, 1 part soil to 5 water, and shaking for 1 hour. The
results are given in the following table.

TABLE 18.— EFFECT OF IRON HYDROXIDE, ALUMINUM HYDROXIDE, SODIUM ALUMI-
NATE, AND IRON SULPHATE ON PHOSPHATE' FIXATION IN

PUDDLED CALCAREOUS SOILS.

1. Al(OH)s CaCOs, aerated...™

•?.. Al(OH)s CaCOs, puddled

3. Al(OH)s, aerated

4. AHOHK puddled.....

.". Fe(Oins, CaCOs, aerated

fi. Fe(OH)s, CaCOs, puddled

7. Fe(OH)3, aerated

8. Fe(OH)s, puddled

9. NaAlO?, CaCOs, aerated..,

10. NaA102, CaCOs, puddled

11. FeSO*, CaCOs, aerated

12. FeSOi, CaCOs, puddled

Solution in
CO2-free water

P.

+

10.0

0.4

6.2

Solution in
CO2-saturated water

P.p.m. PO4

0.3

0.4

1.0

+
1.2

0.4

-f-Indicates presence of soluble phosphate in amounts too little to determine quantitatively and
-i--f- indicates a slightly stronger color than + .
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Aluminum hydroxide. In the presence of aluminum hydroxide all
added phosphate, as well as that originally present in the soil, was
absorbed in a very insoluble form. There is a slight difference in solu-
bility in carbon-dioxide-saturated water and carbon-dioxide-free water
in favor of the aerated soil.

Iron (ferric) hydroxide. When calcium carbonate was added with
ferric hydroxide the absorption was similar to that noted with aluminum
hydroxide. When no calcium carbonate was added an appreciable solu-
bility in COo-saturated water was noted.

Sodium aluminate. When the soil was kept well aerated the fixation
or reversion of phosphate was very small in the presence of sodium
aluminate, an alkaline salt. Under puddled conditions fixation was com-
nlete and subsequent solubility practically zero.

Iron (ferrous) sulphate. In the presence of ferrous sulphate the
phosphate was fixed in most part but in no case was fixation complete.

The above data show that ferrous salts exercise the least influence on
phosphate fixation and solubility. They show further that when calcare-
ous soils contain aluminum and iron hydroxides in colloidal form the
fixation of phosphate in a very insoluble form will take place.

In this experiment the soil which originally contained 2.5 mg. per
thousand water-soluble PO4 was reinforced by a second SO mg. PO4 in
the form of water-soluble double superphosphate. In order to ascertain
the relative fixing power of this soil in the presence of the fixing agents
under study, further additions of phosphate solution were made by shak-
ing 1 part soil to 5 parts water containing 10, 25, 50, and 100 p.p.m. PO4.
The amount of soluble phosphate was then determined and the percent-
age fixation calculated from these data. The data are given in Table 19.
The soil numbers are the same and correspond with those in Table 18
and the untreated soil or control is designated as C. Percentage fixation
was determined both in the presence and absence of carbon dioxide.

The greater fixation in the presence of iron and aluminum hydroxides
is outstanding, and indicates the large amount of phosphate ion required
to saturate the absorbing complex to capacity both under aerated and
puddled conditions when these hydroxides are present in calcareous soils.
Where sodium aluminate was present, as usually happens in black-alkali
soils, practically all the phosphate is retained by the soil solution, unfixed,
due to the presence of the hydroxyl ion. This holds true, however, only
for the soil kept aerated, for where the soil was kept in a puddled con-
dition and an excess of water, the fixation was practically complete and
solubility reduced to very small proportions. In the presence of ferrous
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iron just the opposite was found, namely that under puddled conditions
there is little fixation of phosphate, while in the case of the aerated soil
the iron undergoes oxidation to ferric iron with the result that fixation
is proportionately increased.

In the second part of the experiment where carbon-dioxide-saturated
water was used the solubility was reduced in all cases where it had
been high in carbon-dioxide-free water. This is especially true where
the concentration of hydroxyl ion was reduced.

TABLE 1 9 . — SHOWING P E R C E N T PHOSPHATE FIXED BY DESIGNATED TREATMENTS
FROM SOLUTIONS CONTAINING 3 0, 2 5 , 50 , 100 p.p .m. POt-

P. p. m.
POt in

sol.

10

25

50

100

Control
Check

84

25

'2 b

29

1

100

9 8

9S

96

2

100

97

93

3

100

9S

99

93

With

4

100

97

97

93

COsiree water

5

100

9S

98

9S

G

100

99

99

9S

7

100

99

98

9,s

S

95

95

90

S6

9

0

0

14

14

10

98

9 8

98

97

11

84

84

S4

72

12

0

0

lfi

46

10

25

50

100

91

76

64

50

97

9S

98

98

97

98

9b

98

With C02-saturated v

96

98

9S

96

96

97

99

94

96

9S

98

98

100

99

99

99

rater

97

98

98

9S

93

94

91

83

95 100

97 100

Q& 99

95 99

7h

80

74

62

94

95

95

92

The importance of the above experiment and its applicability to alka-
line soil conditions led us to study additional solubility relations. In
our previous studies we were able to attach some value to the solubility
of phosphate in soils when the sample was subjected to successive extrac-
tion and in view of this the method was applied to this set of soils. The
results are given in Table 20.

T\BLE 20.— SOLUBILITY OF PHOSPHATE IN SUCCESSAE EXTRACTIONS.
P.P.M. PO-u

Soil No.:

First extraction....

Second extraction

Third extraction..

Fourth extraction

1

4-

0.3

4-

0.3

2

+
+
+
-f-

3

+
+
+

4

+

a

+ | +
+ +
4- | 4-

6

+
4-

+

7

+
+

0.4

8

+
0.:?

Tr .

0.4

9

0.6

0.5

0.3

0.5

10

+
+

11

0.5

0.5

0.5

0.6

12

0.5

0.4

0.3

0.3

4- Represents phosphate present but too small to determine.
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The data only serve to testify as to the great insolubility of phosphate
in the aluminum hydroxide and iron hydroxide treatments of this series.

The removal of ions from soils, especially the phosphate ions, by means
of electrodialysis has given some excellent correlations with availability
and solubility as measured by other chemical methods and by the plant.
The plant feeds on ions, not molecules, and the rate of ionization, of
which electrodialysis is a measure, should be expected to con-elate some-
what with availability. We find that it does to a remarkable extent (7).
In view of this agreement the rate of phosphate solubility was deter-
mined by electrodialysis for all the treatments used in this experiment.
The apparatus consisted of a three-chamber cell similar to the Mattson
cell (7). The central chamber with parchment paper walls had a capacity
of 100 cc. and to this were added 10 grams soil and 100 cc. of water.
To each of the outer chambers 1,250 cc. of water were added. The elec-
trodes were copper for the cathode and platinum for the anode. A
direct current of 0.2 amperes was used and electrodialysis continued
with each soil for a period of 9 hours. Fifty cubic centimeter aliquots
were removed from each chamber at hourly intervals. Phosphate was
determined colorimetrically by the Deniges method and the bases by
titration with 0.1N H2SO4. Constant volume was maintained in both
the cathode and anode chambers by replacing all aliquot volumes
removed. The data are given in Table 21.

These data are especially significant in relation to the effect of pud-
dling, and of calcium carbonate on the ionization of phosphates when
subjected to electrodialysis, which may be assumed to be a measure of
re-solution velocity. Where calcium carbonate has been added the pud-
dled soils are in every case lower in electro-diffusible phosphate than the
soils incubated at optimum moisture content and maintained at as nearly
as possible the original soil structure. As compared with the original
soil, that is without any incubation, the first eight treatments all show a
loss in soluble phosphate. There is here further concrete evidence of the
deleterious effect of calcium carbonate upon phosphate availability and
the greater magnitude1 of its influence in the absence of carbon dioxide
{puddled environment).

In the preceding experiment the addition of iron or aluminum corn-
rounds has influenced fixation. The experiment was therefore repeated,
leaving out these materials in order to study the effect of puddling upon
fixation of the soil itself. Several different forms of phosphate were
used.

Kight inorganic and three organic forms of phosphate were selected,
and an attempt was made to add as nearly as possible equal amounts of
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phosphate (P2O6). Twelve hundred grams of soil (calcareous and
phosphate deficient) were mixed with the following materials in amounts
to yield 0.25 grams P2O5 from phytin, sodium phosphate (Na3PO4

12H2O), floats, dicalcium phosphate (CaHPO42H3O), (C.P.) tricalcium
phosphate (Ca3FO4), ground wheat grains, magnesium phosphate
fMg3(PO4)2], a mixture of tricalcium and trimagnesium phosphates,
aluminum phosphate (A1PO4), and iron phosphate ( F e P O j . The phos-
phates were carefully mixed with the dry soils, after which the whole
was brought to optimum moisture content and placed in earthenware
pots. Two days later the water-soluble phosphate was determined by
shaking 100 grams of soil with 500 cc. of water, both carbon-dioxide-
saturated and carbon-dioxide-free. The remaining 1,100 grams were
maintained at optimum moisture content for 30 days. At the end of this
period each 1,100 grams was divided into two 550-gram portions. One
of these was maintained at optimum moisture content under well aerated
conditions for 90 days longer and the other was puddled and kept super-
saturated with water, and under anaerobic conditions for the same
period. At the end of this time they were all dried in the air, and the
soluble phosphate again determined with both carbon-dioxide-free and
carbon-dioxide-saturated water, one part soil to five parts water. The
data are given in Table 22.

TABLE 22.— SOLUBILITY OF PHOSPHATE FROM SEVERAL MATERIALS AS
INFLUENCED BY PUDDLING. P. P.M. PO*.

FePOi

AU»O* . . .

NasPO*

Mg8(PO*). . . . .

OSCPSJ).' :: }
CaHPO*

Caa(POi)s

Phvtin

Phytin

Wheat

Licithin

Floats

At start before incubation

Solution in
COa-free

water

0.5

3.0

2.50

4.8

2.4

1.0

Trace

Trace

Trace

Trace

Solution in

water

0.8

2.0

16.6

4.8

2.5

2.5

0.6

0.4

0.6

0.7

After 4 months incubation

Sol. in OOs-free water

(Puddled)

2.8

3.0

5.0

2.4

1.2

2,8

0.3

4.0

7.0

Trace

+

(Aerated)

1.6

1.8

5.0

2.8

1.4

2.S

0.3

7.6

7 8

1.0

1.4

Trace

Sol. in COa-sat. water

(Puddled)

3.0

3.1

5.3

3.7

1.6

3.2

0.5

4.5

7.6

0.3

0.2

(Aerated)

2.2

2.6

7.8

5.5

2.5

6.2

0.7

14.2

15.2

2.8

3.6

0.4
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Iron (ferric) phosphate. The original soluble phosphate where ferric
phosphate was added was 0.5 p.p.m. PO4 and this was slightly increased
by carbon dioxide. The solubility was greatly increased on incubation
both under aerated and puddled conditions with the greatest solubility
in the latter.

Aluminum phosphate. This phosphate is much more soluble than
the iron salt but shows little or no change in solubility when incubated
either under aerated or puddled conditions, except that solubility is
slightly less under aerated environment. Removal of carbon dioxide
reduced the solubility more so than for the ferric salt, indicating that the
aluminum salt is on the whole more active in the absence of carbon
dioxide.

Sodium phosphate. The solubility of this salt is greatly reduced both
under aerated and puddled conditions, more so in the latter than in the

Magnesium phosphate. The solubility of this salt is slightly less
under puddled conditions. The same relation holds where magnesium
phosphate is mixed with calcium phosphate, but the presence of the
calcium salt either reduces solubility or increases fixation, probably the
latter. The phosphate from magnesium phosphate is apparently much
less fixed than the calcium salt.

Calcium phosphate. This salt showed properties in accord with our
observations on the effect of puddling and aeration. It will be noted
that solubility in carbon-dioxide-saturated wjater is greater for the soil
kept under aerated conditions.

Tricalcium phosphate and floats. These two materials showing very
low original solubility also show little effect from incubation. The data
only add to other accumulated data showing the undesirability of using
insoluble phosphates on calcareous soils.

Phytin. The response of this organic phosphate to incubation with
soil is outstanding. The original solubility was represented by only a
trace of phosphate. This was greatly increased on incubating with the
soil both under aerated and puddled conditions. The greater solubility
in carbon-dioxide-saturated water is signifiant and indicates the ease with
which this organic salt will be decomposed under soil conditions.

Ground wheat seed. This material, which was used to represent an-
other form of organic phosphate, showed only a trace of water-soluble
phosphate when originally mixed with the soil. This was appreciably
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increased by incubating the material with the soil. The difference be-
tween solubility as developed under puddled and aerated conditions is
outstanding with little or no solubility being developed under the former
conditions.

Lecithin. Even this very insoluble material proved to be appreciably
soluble under the conditions where it was kept in contact with soil for the
period of the experiment.

As a measure of phosphate availability or solubility in calcareous soils
in absence of carbon dioxide, we have attached some value to the degree
of solubility which is maintained by the soil solution when the soil-water
mixture is boiled for a few minutes to drive off all the carbon dioxide.
The ability of the above-treated soils to retain their soluble phosphate
under such conditions was in the order phytin, iron, sodium, magnesium,
and calcium, with the last showing the least solubility or greatest
fixation.

The soils were next subjected to successive extraction with water.
The procedure adopted was to weigh 30 grams of soil into a liter bottle,
add 1 gm. of calcium carbonate, 100 cc. of carbon-dioxide-saturated
water, shake for 1 hour and filter through a Buchner funnel with the
aid of suction. Phosphate was determined in the filtrate and the residue
returned to the bottle for a second extraction. This was continued a
third and fourth time and phosphate determined at each extraction.
These data are given in Table 23, and are of greater significance than
the solubility studies. In our previous investigations attention was
called to the evidence that under puddled conditions, absence of carbon
dioxide, soil phosphates revert to less available forms in calcareous soils.
This is strikingly brought out by the manner in which this set of soil
samples reacts tinder successive extraction with carbon-dioxide-saturated
water. In every case except the soils to which iron and aluminum
phosphates were added there is greater solubility of phosphate in those
kept under aerated conditions. The iron and aluminum phosphates show
better solubility where kept tinder puddled conditions. This is evidence
of the difference in effects of carbon dioxide on iron, aluminum, and
calcium phosphates.

The soils were also electrodialysed, and the rate at which the fixed
phosphates were dissociated was determined. The results showed that
for phytin, sodium phosphate, tricalcium phosphate, magnesium phos-
phate, and monocalcium phosphate the rate was lower in the puddled
soils than for the aerated soils. For iron phosphate it was lower in
the case of the aerated soils and for the aluminum phosphate no differ-
ence was shown.
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TABLE 23.—SOLUBILITY OF PHOSPHATE IX SUCCESSIVE EXTRACTIONS PARTS
PER MILLION POt.

Ext. Xo.
1

3
4

Ext. Xo
1

3
4

FePOi

Pud.
1.8
1.6
1.4
1.0

Ca3(]

Pud.
_j_

t

Aer.
1.6
1.2
1.0
o.s

POOa

Aer.

AlPOi

Pud.
1.3
1.2
1.2
1.1

Aer.
1.0
1.0
1.0
1.0

Phytin

Pud.
2.0
1.8
1.3
1.1

Aer.
7.7
5.5
4.0
3.0

XasPOi

Pud.
1.8
2.0
1.4
1.2

Aer.
4.5
4.0
2.2
1.9

Wheat

Pud.
0.4
0.4
4-

Aer.
1.4
1.4
1.6
1.4

MS* (POO a

Pud. Aer.
1.6 2.9
1.6 2.2
0.8 1.5
3.0 1.4

Floats

Pud. Aer.

Hi

CaHPOt

Pud. Aer.
1.6 2.5
1.5 2.2
1.6 2.4
1.6 2.0

As a further check some of the soils from this experiment were used
in plant cultures to determine the availability as measured by the plant.
This experiment was conducted by placing 10 grams of soil in a wide-
mouth 1-liter bottle, filling the bottle with distilled wpter, and using the
whole as a culture medium for wheat plants. The soil in the bottom of
the bottle was stirred at least once a day, and at the end of a period of 3
weeks, the plants growing therein were analyzed for phosphate. The
data are given in the following table.

TABLE 24.—PERCENT PHOSPHATE IX WHEAT PLANTS (PERCL'XT DRY MATTER)
GROWN IX WATER-SOIL CULTURES PREPARED FROM SOILS USED IX FIXATION-

INCUBATION EXPERIMENTS.

Aerated soil

0.29

0.37

0.27

0.39

0.35

0.38

0.24

Puddled soil

0.41

0.26

0.18

0.37

0.40

0.35

0.24

1. Ferric phosphate

2. Phytin

3. Tricaleium phosphate

4. Trimagnesium jhosphate,

5. Monocaleium phosphate...

6. Aluminum phosphate

7. Control

Considering the difficulties attached to conducting such an experiment
as this, on the basis of our solubility studies as well as the data obtained
in the electrodialysis of these soils, it seems fair to assume that the
availability as measured by the plant, with the exception of ferric phos-
phate, is best in the soils kept aerated as compared to those kept tinder
puddled conditions.
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SUMMARY

In phosphate availability studies conducted by soil scientists in various
parts of the United States, considerable attention has been given to the
availability of iron and aluminum phosphates, and the role of other
salts of these elements on the availability of other forms of phosphate.
So far as we have been able to learn few if any of these investigations
have been conducted on calcareous soils, as active forms of iron or
aluminum are not usually recognized as being present in such soil types.
The same may be said of active forms of silica and to a less extent
organic compounds. Failure to recognize these factors under such
conditions as exist in our arid Southwest, suggested such a study. The
presence of all these has often been met with in our own soil investiga-
tions, and attention called to their existence. Any soil which has ever
reached a sufficient partial saturation of sodium to form even traces of
hydroxyl ion by hydrolysis will, during such periods, have in the soil
solution soluble forms of aluminum, silica, organic matter, and usually
iron. Thus it can not be denied that all of these may exercise more
or less influence upon phosphate availability in alkaline calcareous soils.

Under acid-soil conditions, iron or aluminum phosphate may adequate-
ly supply the plant requirement. It is shown by our solubility studies
that these phosphates are more soluble in alkaline than in acid solutions.
But as will be shown in a later bulletin phosphates are not absorbed by
the plant at alkaline reactions above pH 7.5.

With the exception of vivianite, the mineral forms of phosphate are
very insoluble materials and it is certain that plants cannot obtain their
required amount of phosphate from such sources, especially in calcare-
ous soils.

Soluble forms of iron or aluminum must be ultimately precipitated in
alkaline soils as hydroxides, or hydrogels, and as such absorb or fix
phosphate in difficultly available form. These absorbed forms are, how-
ever, more available than the natural mineral phosphates of iron and
aluminum. In the presence of calcium carbonate the solubility and
availability of such absorbed phosphate are still further reduced. All of
this shows quite conclusively that soluble salts of iron or aluminum will
ultimately make for very unavailable residual soil phosphate in calcare-
ous soils.

Phosphate availability will not be greatly impaired by soluble silica,
which is usually present in alkaline soils as sodium silicate, because a
fair solubility of phosphate will be maintained in its presence. If the
soluble silicate should be subsequently deposited as colloidal or free
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silica, the adsorbed phosphate would be present in a readily available
form, as silica is a negatively charged colloid and is shown to \ ield any
adsorbed phospha te readily to a solution.

CONCLUSIONS

1. Normal phosphates of iron and aluminum are readily available
forms of phosphate for plant nutrition. That is, the\ yield solutions
much higher in concentration than that of the soil solution.

2. Wheat plants absorbed phosphate very readily from solutions of
the iron and aluminum phosphates.

3. The absorption of phosphate by wheat is greatest for aluminum
phosphate when equal amounts of the solid aluminum and iron phos-
phates are present, because of the greater solubility of the former.

4. The absorption of phosphate is equal if the culture solution con-
tains equal concentrations of phosphate from iron or aluminum salts.

5. With the exception of vivianite (mineral ferrous phosphate) the
mineral phosphates of iron and aluminum are very insoluble both in
carbon-dioxide-free and carbon-dioxide-saturated water.

6. Wheat plants did not absorb any phosphorus from lazulite, wavel-
lite, or dufrenite, but absorbed it readily from vivianite when cultures
were prepared with carbon-dioxide-free water.

7. When cultures were prepared with one-fourth carbon-dioxide-
saturated water, absorption of phosphorus from vivianite was greatly
increased, and slightly increased for lazulite and wavellite, but there was
still no absorption from dufrenite.

8. On varying the reaction of the culture solutions to pH 5.0 with
hydrochloric acid and pH 9.0 with sodium hydroxide, there was no
change in the absorption of phosphate from wavellite, but for vivianite
the absorption was greatest in the plants grown in the cultures at pH 5.0.

9. The mineral phosphates of iron and aluminum, with the exception
of vivianite, show very little dissociation when subjected to electrodialy-
sis. This is further evidence of their low availability.

10. The mineral phosphates of calcium show very active dissocia-
tion when subjected to electrodialysis. This dissociation is very greatly
reduced when calcium carbonate is present, which illustrates the antag-
onism between calcium carbonate and phosphate availability in calcare-
ous soils.

11. Phosphate solubility from the various phosphate materials is
largely a function of attendant reaction. The calcium phosphates are
very soluble tat acid reactions and very insoluble at alkaline reactions,
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while for iron or aluminum phosphate and phytin the solubility is great-
est at alkaline reactions.

12. Iron and aluminum phosphates revert to extremely insoluble
forms in the presence of calcium carbonate or in calcareous soils. If
sodium bicarbonate or black alkali is present, an appreciable solubility of
phosphate is maintained as long- as the alkalinity exists.

13. In the presence of sodium silicate a good solubility of phosphate
is maintained regardless of the presence or absence of carbon dioxide.

14. In the presence of sodium aluminate, the solubility of phosphate
is greatly reduced in the presence of free carbon dioxide, but the solu-
bility is increased in the absence of carbon dioxide if the reaction is
more alkaline than pH 8.5, that is, if alkalinity is due to black alkali.

15. Phosphate ions are strongly fixed by iron and aluminum hydro-
gels in such forms that they will not yield to re-solution by electrodialysis.

16. Phosphate adsorbed by colloidal silica yields readily to re-solu-
tion, especially when subjected to electrodialysis.

17. Fixation studies show that the phosphates most readily soluble
in water are best suited to Arizona soils.

18. A comparison of the two most soluble commercial forms of
phosphate, treble superphosphate and ammonium! phosphate, shows that
the latter is less rapidly fixed.

19. The presence of iron and aluminum hydroxides in calcareous soils
greatly increases their fixing power for phosphate.

20. Organic forms of phosphate as represented by phytin, ground
wheat grains, and lecithin are shown to react readily to processes which
function in the availability reactions in soils.
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