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THE RELATION OF PHOSPHATE AVAILA-
BILITY, SOIL PERMEABILITY, AND CARBON

DIOXIDE TO THE FERTILITY OF
CALCAREOUS SOILS

By

W..T. MCGEORGE and J. F,

INTRODUCTION

In a recent bulletin (16), the results of initial investigations upon cer-
tain phases of soil fertility in the irrigated regions of Arizona were pre-
sented. These investigations indicated that the fundamental cause of
infertility in many soils rested largely in the scarcity of soluble phos-
phorus in the soil. It was indicated further that variations in phos-
phorus availability correlated closely with certain other variations in soil
properties, such as water penetration, bacterial activity, and carbon-diox-
ide production. While the fundamental cause of infertility of the soils
in question could be traced to the scarcity of soluble phosphorus, in most
cases it became more and more evident, as the investigation proceeded,
that carbon dioxide plays a more important and more complex part in
the solubility of phosphorus than has been hitherto suspected. The pres-
ent bulletin deals largely with the effects of carbon dioxide upon the
solubility, availability, and assimilation of the phosphorus in calcareous
soils. It is not the intention of the authors to discuss the role of carbon
dioxide in plant nutrition, except in so far as it relates to soil puddling
or phosphorus availability.

Carbon dioxide may be present in the soil either as the free gas, CO2,
as the uncombined gas dissolved in water, as the gas combined with water,
as H2CO3, or in combination with a base, calcium for example, as the
carbonate ion, CO3. Carbon dioxide is a compound of carbon and oxy-
gen, so in its production the oxygen of the air and the carbon of organic
matter are essential. This emphasizes the fact that a good soil should
contain organic matter, and must be aerated sufficiently to enable soil
micro-organisms to decompose it into certain component parts.

The distribution of carbon dioxide between the liquid and gaseous
phases in soils is dependent almost entirely upon soil moisture and the
presence of bases, principally calcium. The soil processes which give rise
to carbon dioxide are principally the respiratory and metabolic activities
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of soil micro-organisms and the evolution of the gas by the roots of
growing plants. A small amount is also drawn into the pore spaces of
the soil from the atmosphere by means of " soil breathing," which in turn
is related to the fluctuation in the temperature of the surrounding air.
As another limited source, the carbon dioxide dissolved in rain or irriga-
tion water should be mentioned. The total of these soil processes is often
referred to as the carbon-dioxide-producing power of the soil, and this is
largely dependent upon the organic matter content of the soil.

In the arid regions of the Southwest, organic matter is present in only
very small amounts in the soil. The plant roots, therefore, supply a large
part of the carbon dioxide. In other words, root respiration is the main
source of carbon dioxide in such soils. The scarcity of carbon dioxide
in soils, and even its complete absence as free carbon dioxide has already
been recognized and studied to some extent in this laboratory. With a
realization of the close relation between carbon dioxide and phosphate
solubility in soils one can readily evaluate the need for studying this fac-
tor in calcareous types such as exist in arid regions. The functioning
reaction of carbon dioxide is not, however, merely a question of the
presence or absence of the gas, or its concentration in the soil atmosphere
or soil solution, for its functions are limited by several soil properties,
notably soil reaction, the physical texture, and water permeability. In
order to maintain a favorable environment in the root zone under irriga-
tion farming, soils require an occasional purging, and they should not
only take water readily but also permit its free movement.

The variable fertility of the soils covered in this investigation may be
in evidence in entire fields, or only small areas of otherwise fertile fields,
which often gives the field a spotty appearance. It has been observed that
water penetration is poor in the less fertile areas. Then again, when
these soils are examined in the laboratory, it is found that they will re-
spond to two treatments; (1) leaching and, (2) phosphate fertilization
without leaching. Phosphate .availability and its assimilation, therefore,
are not simple solution phenomena but a complex set of factors which
must function in coordination if best fertility is to follow. This
coordination may be compared with the functioning reactions of carbon
dioxide itself.

An impermeable soil makes for reduced seration, reduced biological
activities, and reduced carbon-dioxide-producing power, with often an
accumulation of salts in excess of adjacent permeable areas. On consid-
eration of these we note that all are conditions which may be closely
linked with phosphate deficiency. One is not primarily interested in the
amount of soluble phosphate present in the soil, and, in many cases, even
a knowledge of the amount of water-soluble phosphate may be misleading.



PHOSPHATE AVAIIJBILITY IN CALCAREOUS SOILS 363

Soils, especially the calcareous types, rarely contain more than traces of
phosphate in the soil solution, and therefore wrhat interests us most is
the ability of the soil to furnish an optimum growing environment and
to maintain a favorable supply of phosphate and of carbon dioxide, in the
zone of the growing root, as the soluble phosphate is taken up by the
plant. In other words, it is a question of the velocity of re-solution. The
importance of this is best understood if we recognize that there are definite
periods of growth, when the plant makes a heavy draft upon the phos-
phate, and other times when it takes up relatively little.

In the basin and furrow systems of irrigation, especially where there
is a tendency to make the basins too large, a uniform distribution and
penetration of water is not always easy to obtain. In view of this it is
not surprising to note that non-uniformity of irrigated fields sometimes
follows, even under standard farm practices. Water penetrates some
areas more rapidly than others, or is held more tenaciously by the soil.
Puddled conditions then arise to disturb the foraging progress of the
roots, their carbon-dioxide production and thereby the phosphate avail-
ability.

So, regardless of the solubility of phosphate, when an extraction of
the whole soil mass is made, the availability, or solubility, in the field will
vary greatly with environmental factors. Among these may be included
salt accumulation, aeration, water distribution, penetration, and carbon-
dioxide-producing power as well as any other factors interfering with
root forage.

ROLE OF OXYGEN IN ROOT GROWTH
For more than two centuries it has been known that oxygen is indis-

pensable in plant growth, and, for a period almost as long as this, it has
been known that many plants exude carbon dioxide from their roots.
Hundreds of scientists during this time have investigated the roles of these
gases in plant nutrition and a voluminous literature has been accumu-
lated (11, 20). As most of this work does not deal directly with these
subjects, it is not thought advisable to quote it in detail.

The roots of nearly all agricultural plants are oxidizers themselves,
that is, the root tips contain enzymes which are able to oxidize certain
reduced compounds and render them available as plant food. These
enzymes require aerobic conditions. Without air, or soil aeration, few
plants can survive. In all probability, in the actual absorption of nutrient
material, only the most completely oxidized and the mostly highly hydrated
ions are absorbed by the plant. Reduced compounds are usually more
or less toxic. Nitrogen is absorbed by the plant as the oxidized nitrate
ion, NO3, in preference to the nitrite NO2, or nitrogen, N. It is equally
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probable that phosphorus is absorbed as the mostly highly oxidized ion,
or the ions w7hich are formed when the orthophosphates go into solution.
In all probability, both oxidation and hydration often take place immedi-
ately preceding the absorption of nutrient materials. This is the role of
the oxidases of the root tip.

It has been shown by one of the authors, that the nutrition of plants is
probably an electrical phenomenon(7), that the plant absorbs ions, which
are known to be mobile, and to carry plus or minus charges. The demand
for a certain plant food, phosphorus for example, orginates within the
tissues of the plant and this demand is carried to the absorbing zones of
the root as a physiologically unsaturated colloidal organic complex, bear-
ing a plus charge. The net charge of this complex will, of course,
depend upon the existing pH, relative to the iso-electric point, and will
accordingly be positive by reason of carbonic acid in the root zone. If
the phosphate ion which bears a minus charge is needed, the ion is absorbed
on account of the plus charge of the colloid, and a definite compound is
formed in the plant sap. It is evident that if a certain definite chemical
compound is to be formed within the plant, only those ions of certain
composition will fit into this compound, that is, the ions which split off
from the most highly oxidized and hydrated salts. The ions of the ortho-
phosphates, and not those ions which come from the meta, or pyrophos-
phates, will be needed (23). The orthophosphates are salts of phosphoric
acid in the highest state of hydration. It is reasonable to assume that
the plant deals with hydrated in preference to dehydrated ions.

In the ionization of the othophosphates, or phosphoric acid, H3PO4,
for example, the ionization may be divided graphically into three stages.
First the ions H2PO4 split off, bearing a minus charge, which charge
is balanced with one H, bearing a plus charge. These H2PO4 ions then
ionize further into HPO4 , and these last-named ions still further ionize
into PO4 ions.* It is probably impossible to determine experimentally
which of these ions is actually absorbed by the plant. There is a common
impression among agriculturists that the PO4 ions are the ones absorbed,
however, when the extent of ionization of orthophosphates is considered,
this appears exceedingly improbable. As s'hown by Zscheile (23), the
actual number of H2PO4 ions in solution is much greater than the number
of HPO4 , and the number of HPO 4 is infinitely greater than the PO 4 ;
the ratio of PO4 to H2PO4 may be as 1 is to 100,000,000,000. The ortho-
phosphates ionize with definite constants, they have always ionized in this
way, and they always will. During the entire period of its adaptation,
the plant has been accustomed to this condition, and surely it is now

*A technical discussion of the ionization of the phosphate molecule, by Dr. T. F.
Buehrer, of this laboratory, will appear soon.
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adjusted to it. Invall probability the plant takes up the phosphate ion as
it finds it in the soil solution, in the greatest abundance, largely as the ion
H2PO4. The plant root is exuding carbon dioxide continuously, so in
the zone immediately in contact with the absorbing surface of the root,
an acid condition exists. When the PO4 ions come in contact with the
root tip, they combine with (hydrogen ions, and are converted into H2PO4

before being absorbed. The H2PO4 ion will probably enter with equal
readiness into every organic compound which can be formed in the acid
sap, which can be filled by the PO4 ion.

To summarize briefly the preceding rather lengthy discussion' phos-
phate availability in soils and its assimilation are not simple phenomena,
but are dependent upon the soil conditions which favor a healthy growing
environment for roots, which in turn stimulates oxidizing reactions,* both
enzymatic and chemical, and thereby a generous exudation of carbon
dioxide by the roots. This bulletin involves a study of some of these
phases of the problem of phosphate fertilization and availability in soils.

EXPERIMENTAL
SOILS

The soils used in this investigation are the same as those used in
Technical Bulletin No. 35 so the description will not be repeated here.

CARBOHYDRATES AS A SOURCE OP CARBON DIOXIDE
There are two methods by which the effect of carbon dioxide on the

solubility of phosphate in soils may be studied. These are by stimulating
bacterial and other biological life in the soil, and by supplying gaseous
carbon dioxide from outside sources. The low carbon-dioxide-producing
power of our soils has already been mentioned so only a few experiments
will be cited to illustrate this as well as the futility of applying this
method to soil studies.

The soil used in this experiment gives a ready response to phosphate
fertilization and is definitely known to be low in available phosphate.
In fact, judging from the faintness of the color obtained with the Deniges
reagents upon a water extract, it is practically insoluble. First an effort
was made to determine the effect of carbon dioxide from carbohydrate
fermentation, on the solubility of phosphate in this soil. Two-hundred-
gram portions of soil were treated as follows, and placed in each of four
percolators.

1. One gram starch added to 200 grams of soil.
2. Soil was saturated with a 1-percent solution of sucrose.
3. 4. Controls, 200 grams of soil untreated.

These were leached with distilled water, the leaching process being
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extremely slow, and each 100 cc. of nitrate up to 400 cc. was analyzed
separately for phosphate, with the following results, given in parts per
million of the leachate. Total phosphate, which included both organic and
inorganic forms was determined by evaporating an aliquot to dryness
with magnesium nitrate, igniting, and dissolving the residue, in hydro-
chloric acid according to the method outlined by Parker (17).

TABLE I.—EFFECT OF CARBON DIOXIDE FROM CARBOHYDRATES
ON WATER SOLUBILITY OF PHOSPHATE.

Inorganic phosphate

Sample

1
2
3
4

1st 100 cc.

Trace
Trace
Trace
Trace

2nd 100 cc.

Trace
Trace
Trace
Trace

3rd 100 cc.

Trace
Trace
Trace
Trace

4th 100 cc.

Trace
Trace
Trace
Trace

Total including organic

I
4

0.94
0.50
0.64
0.98

1.00
1.00
1.00
0.84

0.40
1.20
0.32
0.36

0.20
2.00
0.30
0.30

The object of this experiment was to determine the effect of carbon
dioxide, generated from the decomposition of carbohydrates, upon the
solubility of phosphate. It will be noted that there was no increase in
water-soluble inorganic phosphate in any case. On the other hand, the
data show that in the presence of carbohydrate, the organic phosphate was
considerably increased, and therefore that the yeast or other organisms
were utilizing and incorporating into their bodies all the phosphate as
fast as it was brought into solution by the carbon dioxide. Judging from
this experiment, either there was too little carbon dioxide formed, or the
micro-organisms used all the phosphate which was brought into solution.
It is, however, significant that the organisms were able to obtain phos-
phate. Starch apparently remained undecomposed.

The experiment was then repeated, except that the soils were allowed
to incubate for 3 days and instead of being leached were shaken with
both CO2-saturated and CO2-free water. The results obtained confirmed
those already given in the leaching experiment. Only faint traces of
inorganic phosphate were obtained, regardless of the presence of carbo-
hydrates while the amount of water-soluble organic phosphate was
increased. Strange to say, solubility in CO2-saturated water, as deter-
mined colorimetrically, was distinctly less than the solubility in CO2-free
water. While this soil contains only faint traces of water-soluble phos-
phate there was a definite reduction in solubility from carbon dioxide.
The extraction was repeated a second time to confirm this observation.
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In view of the above we then made comparative teachings of this soil
witih CO2-saturated and CO2-free wrater, all operations being conducted
at low temperatures in an electric refrigerator, so as to prevent loss of
carbon dioxide during leaching operations. Each 100 cc. of leachate was
analyzed by the Deniges method, 1,600 cc. of leachate in all. Here again
we found a lower solubility of phosphate in the CO2-saturated leachates
which was faint but distinct, and which continued up to the completion
of the experiment. These experiments illustrate the futility of attempting
to improve the carbon-dioxide-producing power of the soil, experiment-
ally, as an aid to the study of phosphate solubility. The use of carbo-
hydrates as an experimental source of carbon dioxide was therefore aban-
doned.

THE SOLVENT EFFECT OF GASEOUS CARBON DIOXIDE

Before proceeding further with this phase of our studies it appeared
necessary, as a check upon the experimental procedure, to study the effect
of CO2-saturated water upon phosphates of better known composition
and properties, for example phosphate rock* both by itself and in the
presence of calcium carbonate. The latter combination is somewhat simi-
lar to the conditions met in calcareous soils. In this experiment 1 gram
of phosphate rock, with and without 1 gram calcium carbonate was shaken
with 500 cc. of (1) CO2-free distilled water, (2) CO2-saturated distilled
water, (3) distilled water through which carbon dioxide had been passed
for 1 minute and (4) distilled water througlh which carbon dioxide had
been passed for 15 minutes. After shaking 1 hour these were filtered
and phosphate determined in the filtrates. The results are given in the
following table in which the effect of the same treatments upon soil
number 1 are also given.

TABLE II.—EFFECT OF CARBON DIOXIDE ON SOLUBILITY OF
PHOSPHATE ROCK.

CO2-free water
COs-saturated water
CO2 passed through mixture

for 1 minute
CO2 passed through mixture

for 15 minutes

P.p.m. PO4 in solution

Phosphate rock

Check

3.2
18.0

18.0

19.0

1 gm. CaCO'3

0.3
0.8

0.9

1.04

Soil No. 11

Trace + +
Trace +

Trace + +

Trace + + +

* The term " phosphate rock" applies to pulverized South Carolina phosphate.
This was used throughout this work,

t + denotes slight differences in color by molybdic blue method.
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As shown in this experiment, carbon dioxide greatly increases the solu-
bility of phosphorus of phosphate rock, which is in agreement with what
we know of the property of this material. In the presence of calcium
carbonate the solubility is greatly reduced but, unlike the soil, which also
contains calcium carbonate, where CO2-saturated water is used, the
solubility is still more than twice that in CO2-free water. Phosphate rock
therefore acts as we would expect, while the soil acts entirely contrary
to the generally accepted effects of carbon dioxide on the solubility of
phosphate in soils.

INFLUENCE OF CARBON DIOXIDE UPON PHOSPHATE
FIXATION

In view of this unexpected influence of carbon dioxide upon the solu-
bility of soil phosphate, what then of its effect upon the fixation of phos-
phate in this soil or the solubility of phosphate in contact with the soil ?
The following experiment was conducted to study this point. To a mix-
ture of 100 grams of soil number 1 in 500 cc. of water, 0.1 gram of the
several forms of phosphate described in the following table, were added.
They were shaken in an end-over-end shaking machine, let stand over
night, and filtered. Phosphate in the filtrate was determined by the
Deniges method and results are given as parts per million PO4 in solution.

TABLE III.—FIXATION OF PHOSPHATE I.

No.
No CO,,
no CaCO3

Trace
15

Trace
60

120

No CO,,
CaCO3

Trace
12

Trace
41

90

CO*
noCaCO, |

0
15.0
0.5

60.0 :

80.0 I

CO,,
CaCOs

0
12.0
0.4

50.0

62.0

1. Control — soil only
2. 0.1 gram Ammophos
3. 0.1 gram phosphate rock....
4. 0.1 gram superphosphate....
5. 0.1 gram potassium phos-

phate

As in the previous experiments already cited the carbon dioxide again
reduced the solubility of phosphate in the control soil. The soil has greatly
reduced the solubility of the phosphate from phosphate rock which is,
however, slightly increased by carbon dioxide. In all the other forms,
the more soluble phosphate fertilizers maintain a high solubility both in
CO2-free and CO2-saturated water. The addition of calcium carbonate
caused a reduction in phosphate solubility of all forms of phosphate, but
only with phosphate rock and soil phosphate was this of significant magni-
tude.

A more detailed and quantitative experiment was next conducted using
a solution of calcium phosphate prepared from double superphosphate,
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and employing both the poor soil, number 1, and a good soil, number 2.
In this experiment gradiant concentrations of PO4 were shaken with
constant amounts of soil. One hundred grams of soil and 500 cc. of
water were the proportions used in each case.

Here again, there is a marked increase in fixation or decrease in water
solubility, in the presence of carbon dioxide, which characterizes both the
soils. Apparently the carbon dioxide introduces more calcium into solu-
tion as bicarbonate, which either subsequently precipitates the phosphate
in a less soluble form or exerts a common ion effect which reduces the
soluble phosphate ion.

TABLE IV.—FIXATION OF PHOSPHATE II.

Soil No. 1 (poor)

P.p.m. PO4 added
plus that in soil

P.p.m. found in
CO-2-free water extract

P.p.m. found in CO2-
satnrated water extract

Trace
0.6
1.6
3.4
7.0

18.0
3610
54.0
72.0

Trace :
Trace
Trace !
Trace |

0.4 I
0.6 !
0.6 |
0.8
1.0 |

Soil No. 2 (good)

Trace
Trace
Trace
Trace
Trace
Trace
Trace

0.4
0.6

1.2
3.0
5.8

10.6
20.0
48.2
95.2

142.2
189.2

1.2
1.2
1.2
1.4
1.6
3.1
4.0
4.7
8.0

1.2
1.2
1.2
1.3
1.5
1.6
3.0
4.3
5.0

SOLUBILITY AFTER FIXATION

In order to study further these reactions, the soils used in the preceding
experiment were dried in the air, and then each leached with seven 250-cc.
portions of CO2-free water, and CO2-saturated water, to determine the
difference between the concentration of PO4 in the teachings under these
two conditions. The results are given in the following table as parts per
million in leachate.
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TABLE V.—

1st leaching
2nd leaching
3rd leaching
4th leaching
5th leaching. . ..
6th leaching
7th leaching

Total

SOLUBILITY OF FIXED PHOSPHATE, SOIL NO. 1.

Phosphate fixed by soil in
presence of CO2

Leached with
CO2-free

water

PCX Ca

2.0 51
4.6 33
3.4 | | 25
2.0 26
3.0 20
1.6 18
1.4 18

1 •
18.0 ' 191

Leached with
CO2-saturated

water

PO4

1.0
2.5
4.1
0.9
0.9
0.5
0.6

10.4

Ca

222
246
186
159
144
180
180

1317

Phosphate fixed by soil in
absence of CO2

Leached with ! Leached with
CO2-free CO2-saturated

water water

PO4

2,0
4.6
2.0
1.6
1.6
1.0
0.6

13.4

Ca ; PO* Ca

54 Trace 132
27 ! 1.3 ! 195
21 1.6 i 147
24 0.8 i 135
18 0.9 23
20 0.5 ! 180
19 : 0.5 180

183 \ 5.6 i 1092

The calcium is more soluble where calcium phosphate has been fixed by
the soil in the presence of carbon dioxide. The rate of solution of phos-
phate is also more rapid and constant when fixed by the soil in the pres-
ence of carbon dioxide. This holds true regardless of whether the soil
is subsequently treated with CO2-saturated or CO2-free water. On the
other hand, after the phosphate has once been fixed by the soil, its solu-
bility is greater in CO2-free than in CO2-saturated water. This relation-
ship is due to the effect of calcium upon the ionization of the phosphate
compounds, which is reduced by the larger amounts brought into solution
by the CO2-saturated water. Solubility effects of carbon dioxide depend
upon the presence of a definite excess of free carbon dioxide which is not
always obtained simply by treating the soil with a saturated solution of
carbon dioxide.

EFFECT OF ALTERNATE SATURATION WITH CARBON
DIOXIDE AND REMOVAL OF CARBON DIOXIDE

ON PHOSPHATE SOLUBILITY

In view of this rather unusual effect of carbon dioxide upon phosphate
solubility in this phosphate-deficient soil, the reasons for this behavior
were sought in an experiment in which nine different soils of rather defi-
nitely known phosphate availabilities were used. One hundred grams
of air-dry soils were weighed into liter bottles, 500 cc. of CO2-f ree water
added, shaken for 1 hour, and the water-soluble phosphate determined in
the extract after filtration. The results of these analyses are given in
column 1 of table VI. The unused portion of the soil-water mixtures
was then saturated with carbon dioxide, shaken, again filtered, and cal-
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cium and phosphate determined as shown in columns 4 and 5 of table VI.
Finally they were again saturated with carbon dioxide, and water-soluble
calcium and phosphate determined as given in columns 6 and 7 of table VI.
The results are all expressed as parts per million of PO4 in solution.

On the whole, the data obtained in this experiment are quite significant.
In all cases, the poor soils, 1, 3, and 8 show a reduction in phosphate
solubility with CO2-saturated water while the good soils all showed an
increase in solubility. Whether this is a characteristic property of calcar-
eous soils of good and poor phosphate availability, cannot be concluded
from such a small number of soils. It is a phenomenon, however, of
more than passing interest. On removing the excess of carbon dioxide
from the extract, by aeration with CO2-free air for 24 hours, the solubility
of phosphate in the good soils was reduced.

TABLE VI.- -PHOSPHATE SOLUBILITY AS AFFECTED BY SATURA-
TION WITH CO2 AND AERATION I.

No.

1.
2.
3.
4.

5.
6.
7.
8.

CO2-free
water extract

PO4
p.p.m.

Trace
1.2
0.4
6.2

0.6
0.6
0.4

Trace

CO2-saturated
water

PO4
p.p.m.

Trace
1.6
0.3
6.2

1.4
1.7
0.5

Trace

extract

Ca
p.p.m.

277
172
255

292
165
225
127

CO2-
water

PO4
p.p.m.

Trace
0.5

Trace
2.8

0.4
0.7
0.4

Trace

free
extract

Ca
p.p.m.

36
66
57
57

51
48
39
54

CO2-saturated
water

PO4

p.p.m.

Trace
1.6
0.5
7.0

2.2
2.0
0.6
0.3

extract

Ca
p.p.m.

360
345
255
322

330
240
255
142

When the soils were saturated with carbon dioxide for a second time,
the poor soils all showed an increase in solubility of phosphate. The
experiment demonstrates rather clearly that the soil phosphate in the
so-called poor soils is more difficultly attacked by carbon dioxide than is
that present in the good soils. It further demonstrates that the solvent
action of carbon dioxide is largely a function of reaction, and in turn,
is therefore dependent upon the presence of a certain amount of free
carbonic acid. In previous experiments, the soils were shaken with CO2-
saturated water and allowed to stand over night before filtering and
determining phosphate. It is evident that sufficient excess of carbon
dioxide for solution of phosphate is not so easily obtained in the poor soils
1, 3, and 8. In order for carbon dioxide to act as a solvent for phosphate
it must be present in part as carbonic acid at the final equilibrium. This
function of free carbon dioxide and reaction will be discussed later.
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EFFECT OF LEACHING ON PHOSPHATE SOLUBILITY

To recapitulate some of the outstanding observations up to this point
in our investigations the following are mentioned as being most signifi-
cant.

1. The so-called poor soils are very low in water-soluble phosphate.
2. They do not respond readily to the solvent action of carbon

dioxide.
3. The fertility of these soils has been improved materially both in

the laboratory and in the field by leaching.
4. On leaching them in the laboratory and determining the phosphate

in the leachates the PO4 in the first leachate is often lower than in suc-
ceeding leachates.

5. The phosphate concentration of a 1:5 water extract is often greater
than the soil solution.

In view of these it seems imperative to obtain a better knowledge of
some of the eflcts of soil leaching if one is to understand phosphate solu-
bility and availability in these soils. Apparently some factor is present
in the soil solution and removed by leaching or the chemical composition
of phosphate in the poor soils is different and of lower solubility than is
that in the good soils.

Eleven soils, 300-gram lots, were leached in percolators with distilled
water until 3,500 cc. had passed through each soil column. The soils were
then dried in the air, and the solubility of phosphate in CO2-free and CO2-
saturated water, as affected by leaching the soil was determined with the
following results (columns 2 and 4, table VI I ) .

It will be noted that the poor soils, even after leaching, do not show
sufficient water-soluble phosphate for an accurate quantitative determina-
tion. But on the other hand, when the leached soils were extracted with
CO2-saturated water, there was no reduction in soluble phosphate as
was the case in the unleached soils. In fact there was a slight increase
in soluble phosphate as measured by the depth of color with the Deniges
reagent. While this higher solubility was distinct it was still not suffi-
ciently great to be determined quantitatively but did show that it can be
demonstrated both chemically and by plant culture that leaching improves
the availability of phosphate in these soils.

The function of reaction which has already been mentioned is also
illustrated in table VII. Where the soils were extracted with CO2-satur-
ated water, the reaction of the soil-water mixture did not go below neu-
trality, and hence there was no measurable increase in wrater-soluble
phosphate. After determining the reaction and phosphate content of
the CO2-saturated extracts, a stream of carbon-dioxide gas was passed
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TABLE VIL—.PHOSPHATE SOLUBILITY AS AFFECTED BY SATURA-
TION WITH CO2 AND AERATION II.

Soil
No.

1.
2.
3.
4.

5.
6.
7.
8.

9.
10.
11..

CO2-free
water extract

pH
p.p.m.

7.4
7.6
7.2
7.8

7.8
7.8
7.8
7.8

7.8
8.4
7.8

PO4
p.p.m.

Trace
0.7

Trace
1.8

0.8
0.6

Trace
0.4

Trace
0.8

Trace

CO2-saturated
water

pH
p.p.m.

7.0
7.0
7.0
7.0

7.0
7.0
7.0
7.0

7.0
7.0
7.0

extract

PO4

p.p.m.

Trace
0.7

Trace
1.9

0.8
0.6

Trace
0.3

Trace
0.8

Trace

CO2 lmassed
through soil
and water to

saturation

pH
p.p.m.

6.4
6.4
6.4
6.4

6.4
6.4
6.4
6.4

6.4
6.4
6.4

PO4
p.p.m.

0.4
1.2
0.4
2.9

1.6
1.1
0.3
0.5

0.5
1.6
0.2

Same as column
3 after jstanding

24 hours

pH
p.p.m.

6.4
6.4
6.4
6.4

6.4
6.4
6.4
6.4

6.4
6.4
6.4

PO4

p.p.m.

0.8
1.2
0.4
3.0

1.8
1.1
0.4
0.5

0.4
1.7
0.2

through the soil-water mixtures for one-half hour. The reaction and
phosphate solubility were then determined, with the results given in col-
umns 5 and 6. These data show that the reaction was reduced to pH
6.4, and the soluble phosphate has been greatly increased in all cases by
this slight difference in pH. This together with other observations demon-
strates the important function of reaction in the part which carbon dioxide
plays in phosphate availability or solubility.

The reacton of a saturated solution of carbon dioxide is approximately
pH 4.0 but such a low pH is not necessary for phosphate solubility. It
is, however, quite evident that the plant root must be able to reduce, the
reaction within certain of its own environs to less than neutrality for
active solution. All of our soils are calcareous and the question arose as
to the influence of this excess of calcium carbonate on the ability of the
roots to function in producing such a reaction within the zone of contact
with the soil particles. In order to answer this the soil-CO2-saturated-
water mixtures were allowed to stand for 24 hours, and the reaction and
soluble phosphate again determined. These data are given in columns 7
and 8 of table VII. They show quite conclusively that it is possible for
this low pH to be maintained in calcareous soils under the conditions of
the experiment, which probably is not unlike that within the root environs.

This experiment shows that calcium carbonate or calcium bicarbonate
will not completely prevent the plant from creating a sufficiently low pH
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within the medium of contact between root and soil particles if root respir-
ation is normal. It is not meant that these two compounds of calcium, or
the calcium ion will not reduce the solubility of phosphate, but rather
that the tendency is to reduce high concentrations to a minimum, which
are still sufficient to meet the requirements of the plant. In other words
they may be said to act as buffers, in that they maintain a low but adequate
concentration of phosphate in the soil solutions, provided good permeabil-
ity and aeration of the soil are also maintained. This effect of calcium
as a common ion and the mechanical condition of the soil will be presented
later.

INFLUENCE OF BASE EXCHANGE COMPLEX

The principal change brought about in a calcareous soil by leaching is
to reduce greatly the replaceable sodium. This is due to a reduction in
concentration of sodium salts which permits a more active replacement
of sodium by the calcium from calcium carbonate. This change is known
to alter greatly the properties of the soil, and there was some question in
our minds as to what influence it might have on the solubility of phos-
phate. The exchangeable bases were determined in the 11 soils used in
the preceding experiments and the data are given in table VIII.

TABLE VIII.— REPLACEABLE BASES IN SOILS BEFORE AND AFTER
LEACHING — EXPRESSED AS MILLI-EQUIVALENTS PER 100 GRAMS.

Soil
No.

1.
2
3*.
5.
6.

7.
8.

10.
11.

Leached sc

Ca

12.6
12.8
10.7
12.6
11.5

11.6
14.1
10.8
14.0

Mg

5.1
4.9
4.2
4.7
4.8

4.4
5.1
1.3
6.7

Total

17.7
17.7
14.9
17.3
16.3

16.0
19.2
12.1
20.7

Unleached Soil

Ca

10.3
10.1
7.2

10.0
8.5

7.2
10.4
1.8
8.0

Mg

5.2
6.0
2.5
4.8
4.9

4.1
5.9
2.5
-5.5

Na

1.9
1.9
2.0
1.7
2.1

3.6
1.4
7.8
7.2

K

0.3
0.6
1.5
0.4
0.9

0.9
1.2
1.1
0.7

Total

17.7
18.6
13.2
16.9
16.4

15.8
18.9
13.2
21A

There is nothing in these data which would indicate that the slight
differences in ratio of exchangeable bases is in any way related to the solu-
bility reactions observed for phosphate in this set of soils. That replace-
able calcium may ionize and reduce the solubility of phosphate as calcium
phosphate cannot be questioned, nor can the fact that sodium zeolite pres-
ent in large amounts wiH ionize and increase the solubility of phosphate.
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These facts have been experimentally demonstrated. There are no out-
standing differences, however, between the good and poor classifications
of our soil samples, and the composition of the exchange complex. The
influence of the replaceable bases is largely indirect in that they control
soil reaction which is intimately associated with phosphate solubility.

SOIL REACTION

The relation of soil reaction to phosphate solubility, which is in part
a function of ratio between bases which are combined with the excuange
complex, is shown in table IX. All of our observations have led us to
believe that under soil conditions the range of lowest phosphate solubility
is between pH 8.0 and 8.5. We have yet to find a black alkali soil, that
is, one which contains sufficient replaceable sodium to yield free hydroxyl
ions and a pH of 8.5 or higher, which does not contain readily determin-
able amounts of water-soluble phosphate. This probably holds true for
all black alkali soils and is well illustrated in the group of soils in table
IX which were taken at random from the laboratory files.

TABLE IX.—RELATION BETWEEN PH OF SOIL AND SOLUBLE PO*.
P.P.M. IN PO, IN 1 :5 WATER EXTRACT.

Reaction
pH

7.6
7.7
7.7
7.8
7.8

8.0
8.0
8.1
8.1
8.2

8.2
8.2
8.3
8.3

P.p.m.
PO.

0
0.6
6.2*
0.4

Trace

1.2
0.6
0.4

Trace
Trace

Trace
Trace
Trace
Trace

Reaction
pH

8.4
8.5
8.6
8.8
8.9

9.3
9.4
9.4
9.5
9.6

9.6
9.7
9.7

P.p.m.
PO.

Trace
0.4
0.2
0.4
0.7

0.7
0.9
0.4
0.6
0.5

0.7
0.4
0.8

* Fertilized with 303 pounds per acre of superphosphate. Where given as trace
there was a faint positive test too low to determine.

BLACK ALKALI SOILS

Some of the properties of black alkali soils, in so far as phosphate solu-
bility is concerned, are illustrated in the following experiments.
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Three soils from the Yuma district were shaken for 1 hour with CO2-
free water, 1 part soil to 5- of water, filtered, and the water-soluble.phos-
phate determined in the filtrate, with the results givn in column 2 of table
X. Tlhe residual portions of the soil-water mixtures were then saturated
with carbon dioxide, filtered, and the phosphate again determined in the
filtrate, with the results given in column 3 of table X.

TABLE X.—EFFECT OF CARBON DIOXIDE ON SOLUBILITY OF
PHOSPHATE IN BLACK ALKALI SOILS.

Soil ^0.

1
2
3

P.p.m. PO4 in
CO2-free water

extract

0.6
0.6
0.3

P.p.m. PO4 in
CO-saturated
water extract

0.8
0.8
0.9

Original
soil reaction

pH

8.9
8.8
9.3

The reaction of these soils shows the presence of free hydroxyl ions in
all cases, and the data therefore show that carbon dioxide in black alkali
types will increase the solubility of phosphate, yet reduce the soil reaction.

As a further step, the effect of saturating the soil-water mixture with
carbon dioxide and then removing the carbon dioxide by aeration, was
determined upon another set of black alkali soils, also from the Yuma
district. The procedure followed in this experiment was the same as
described in the studies on the effect of soil leaching and will therefore
not be repeated here. The results obtained are given in table XI.

The first water extract (CO2-free) was too highly colored and too dis-
persed to obtain an accurate determination of water-soluble phosphate
so these data are omitted. The first PO4 determinations wrere therefore
made upon the CO2-saturated water extract. The whole \vere in each
case then freed of carbon dioxide by aeration with CO2-free air, again
saturated with carbon dioxide, and finally again aerated to remove the gas.
Phosphate solubility at each step was determined.

This experiment indicates that, as long as there is sufficient replaceable
sodium present to yield by hydrolysis a reaction above pH 8.5, the absence
of carbon dioxide (presence of OH ion) will increase the solubility of
phosphate (compare columns 3 and 5, table XI ) . And, vice versa, if
the replaceable sodium is low, and the alkalinity is that of calcium car-
bonate, in other words pH 8.5 or less, the solubility of phosphate will be
depressed in the absence of carbon dioxide (see column 5, table X I ) . At
each saturation with carbon dioxide the amount of calcium coming into
solution is progressively increased, and this calcium in turn replaces the
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TABLE XL—EFFECT OF ALTERNATE SATURATION WITH CARBON
DIOXIDE AND REMOVAL OF CARBON DIOXIDE ON PHOSPHATE

SOLUBILITY IN BLACK ALKALI SOILS.

Soil
No.

CO-sat-
urated
water

CO.-free
water

^ - s a t -
urated
water

CO,-free
water

COo-free
" water
48 hours
standing

Original
pH of

soil

1
2
3
4

0.6
0.6
0.6
0.8

1.4
0.8
0.9
1.0

P.p.m. PO4

0.6
0.6
0.6
0.6

in extract

0.3
0.4
0.4
0.4

0.3
0.3
0.3
0.3

9.4
9.6
97
97

P.p.m. Ca in extract

1
2
3
4

135
120
127
122

Trace
Trace
Trace
Trace

187
190
180
175

Trace
Trace
Trace
Trace

Reaction (pH) of extract

1
2
3
4

72
7A
72
7A

8.8
8.8
8.8
8.8

7.0
7.0
7.0
6.4

8.4
8.4
8.3
8.0

8.4
8.4
8.4
8.4

replaceable sodium until a point is finally reached at which the sodium is
completely replaced by calcium. When this status is reached the phos-
phate acts like phosphate rock in that carbon-dioxide saturation increases
phosphate solubility, while the solubility is decreased as carbon dioxide
is withdrawn from the soil solution. The higher replacement capacity
which the calcium ion possesses should tend to maintain the above rela-
tion, except in very high concentrations of sodium salts. This is well
illustrated in the following experiments.

A calcareous soil was leached with distilled water until free of replace-
able sodium. One hundred grams of this soil was added to each of five
1-liter bottles. To one was added 500 cc. of CO2-free water, to three
others the 500 cc. water contained 1. 2, and 5 grams respectively of sodium
chloride. In the fifth the soil was first leached with sodium chloride solu-
tion to replace the calcium present in replaceable form, then dried, and
500 cc. of CO2-free water added. These were then subjected to the
reversing process as previously described in which they were progressively
saturated with carbon dioxide and aerated with CO2-free air. At each
step the soluble phosphate and reaction with carbon dioxide were deter-
mined. The results are given in table XII.
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It is shown here that even with 10-percent sodium chloride, the calcium
as calcium carbonate or calcium bicarbonate prevents sufficient sodium
entering the exchange complex to give a reaction above 8.5. The soils in
all cases, therefore, show an increase in water-soluble phosphate in the
presence of an excess of carbon dioxide while the solubility is depressed
by the absence of carbon dioxide. On the other hand where the soil was
leached with sodium chloride solution to form a saturated sodium
exchange complex then the higher pH of the CO2-f ree soil solution makes
for greater solubility of phosphate as compared to the CO2-saturated soil.

The preceding experiments illustrate phosphate solubility relationships
in black alkali and white alkali soils and the role which carbon dioxide and
leaching play. They show, that in the reclamation of black alkali soils,
the phosphate dissolved in the soil solution by the hydroxyl ions will
remain soluble after the reaction is reduced by reclamation to pH 8.5 or
lower. However, after this soluble phosphate, probably sodium phos-
phate, is used up by the crop, unless reclamation is complete and thor-
ough, that is, unless water movement and aeration is restored to normal,
re-solution of residual phosphate will be negligible, and fertility will again
diminish and yields be reduced. Permeability must be maintained on
reclaimed land if one expects permanent fertility. It should also be men-
tioned in connection with the solubility of phosphate in black alkali soils
that, even though they are well supplied with calcium phosphate, it has
been shown by one of the authors that little or no phosphate will be taken
up by the plant in the presence of even a relatively small amount of free
hydroxyl ions.

MECHANICAL COMPOSITION AND PHOSPHATE
SOLUBILITY

As already mentioned it has been continuously observed that the poor
soils which we were studying were in most cases less permeable to water
than the good soils even though, in many cases the soil samples were
taken from the same field. If good permeability is maintained in a soil,
the soil will retain a more fiocculent state and thereby a more favorable
mechanical composition, while if the soil is allowed to become puddled
the mechanical composition will be unfavorable for crops. An important
effect of a thorough leaching is to materially improve the mechanical
composition of the soil and therefore permeability and aeration. This con-
dition is brought about by the removal of the factors which inhibit the
flocculating property of calcium carbonate which is always a constituent
of our soils. We have already commented upon the relation of all these
conditions to phosphate solubility. In search of further information upon
this phase of phosphate solubility, mechanical analyses of all the soils
were made by the hydrometer method of Bouyoucus(8) and the results
are given in tihe following table.
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TABLE XIII.— MECHANICAL COMPOSITION
CONTENT OF SOILS.

AND TOTAL ALKALI

1 o*
2 G
3 P
•5- a-
6 G

7 (Subsoil)
9 P
10 (Black alkali soil)
11 p
12 P

13 G
14 p
15 p
16 g
17 P

18 G
19 P
20 G
21 P
22 G....

23 G
24 P
25 P
26 G
27 P

28 G......
29 p
32 g.

Percent
clay

26
20
19
29
24

.25
30
22
46
23

22
33
35
12
22

17
19
16
34
32

21
32
35
34
65

64
12
4

Percent
silt

20
16
16
16
12

8
10
27
32
9

10
19
15
9
11

14
17
17
20
20

21
21
21
24
11

10
10
5

Percent
sand

54
64
65
55
64

67
60
51
22
66

68
48
50
79
67

69
64
67
46
48

58
47
44
42
24

26
78
91

P.p.m.
soluble ,
salts

601
484
462
677
586

529
678
3166
8930
615

500
542
786
445
389

377
726
698
889
726

1031
1389
1574
716
4676

2614

* p and g represent poor and good soils respectively from separate fields while P and
G represent poor and good soils respectively taken from the same field.

While there is a wide variation in the clay content of individual soil
samples, where samples were taken from adjacent areas in the same fields,
the percentage of clay is higher in the poor soils than in the good, with
only one exception. This would tend to bear out the relation between
moisture permeability or tenacity with which water is held by the soil
and phosphate availability as measured by plant growth. While such a
condition may not be shown in the initial -phosphate solubility where a
mass of the soil is extracted it would be in evidence in hindering the re-
solution reactions connected with the foraging activities of the roots. It
is not necessarily the percentage of clay in separate samples but rather
the mechanical state of the clay which influences root development.
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Any condition or factor which produces a dispersion or swelling of the
clay particles of the soil causes the development of a physical state known
as puddling. In such a mechanical state aeration is at a minimum or nil
and therefore aerobic bacterial activities are likewise at a minimum. Then
again root growth is greatly restricted, which in turn limits the feeding
range of the crop. The soil solution rarely contains more than traces of
phosphate at one time, even under favorable conditions. It is evident
therefore that phosphate nutrition depends upon an environment con-
ducive to solution as well as the form of phosphate present in the soil.
Nature has provided in carbon dioxide an excellent solvent for the rela-
tively insoluble forms of phosphate. Both that secreted by plant roots
and that formed as a product of soil bacterial processes may function in
serving as a solvent. Any condition which makes for restricted root
growth or activities of soil bacteria should in turn lower phosphate avail-
ability. Under such conditions the fertility should be greatly improved by
leaching and should be better maintained in areas where permeability is
is good. The relation between the mechanical condition of the soil and
phosphate availability can not be denied. Its relation to several root
zone characters is illustrated in the following culture experiments.

RELATION OF CARBON DIOXIDE AND SOIL DISPERSION
TO ROOT DEVELOPMENT

Attention has been called already to the fact that nearly all of our soils
which are deficient in soluble phosphorus are puddled or dispersed. This
is not necessarily true with the entire soil profile, but often layers of a
few inches in thickness, at different depths in the soil, are dispersed, while
the greater part of the soil may be flocculated. In order to disperse a
soil, a certain concentration of OH ions is necesary. If, however, car-
bon dioxide is introduced into the solution, a reduction in pH, or OH ions,
and flocculation takes place. This was shown in our experiments on
black alkali soils.

The phenomenon is easily explained. The carbon dioxide combines
with water and forms some carbonic acid, which dissolves calcium car-
bonate with the formation of calcium bicarbonate. Calcium carbonate is
relatively insoluble in water, while calcium bicarbonate is soluble as much
as 1,000 p.p.m. In the dispersed soils, while the zeolites may be largely
salts of calcium, there is always a sufficient amount of sodium zeolite to
cause dispersion. Our most puddled conditions occur usually when the
percentage of sodium zeolite is reduced to a certain minimum by leaching
the soil with pure water. A complete reversion of the sodium zeolite into
calcium zeolite is difficult to accomplish by leaching, owing to the extreme
impermeability which appears during the latter stages of the process.
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When a high concentration of calcium is brought into solution by the
carbon dioxide an almost complete replacement of sodium by calcium
takes place, and the sodium bicarbonate which is formed may be leached
from the soil. The most puddled calcareous soils may be flocculated by
merely introducing carbon dioxide into them. Therefore any system
which will bring carbon dioxide into such a soil will wiholly or partially
alleviate its puddled condition. It is evident that free carbon dioxide
cannot exist in our dispersed, calcareous soils.

The difference of 0.5 pH makes all the difference between a dispersed
and flocculated soil, and often the difference between fertility and infer-
tility. This fact was shown by one of the authors when studying the
injurious after effects of sorghum on soils(4).

Carbon dioxide in the soil is largely a function of aerobic bacteria,
therefore the rate of evolution of this gas is an index of bacterial activity.
The presence of oxygen and organic matter are absolutely essential for
such bacterial growth.

In dispersed calcareous soils there is usually very little organic matter,
and such soils are poorly aerated. Any system of tillage which introduces
organic matter into these soils will stimulate aeration, bacterial activity,
and carbon-dioxide production. It has been shown that leaching a dis-
persed soil with pure water will increase its bacterial activity, and the
amount of phosphorus in solutoin will often increase with each percola-
tion. If water can enter the soil, air can also, and so percolation sets up
aeration, or soil breathing, which is so essential to plant growth.

Dispersion, or puddling, is practically confined to heavy or clay soils.
Such soils become saturated, and are easily water-logged. Oxygen is
only slightly soluble, even in cold water, while carbon dioxide goes into
solution as much as 3,000 p.p.m. in wrater at zero degrees. The amount
of oxygen and water in soils depends largely upon the pore space. Light
soils when dry, or even when at optimum moisture content, that is, when
the particles are covered with fine films of water, contain relatively large
amounts of oxygen. The same soils when water-logged, or when all pore
spaces are filled with water, contain very little oxygen. As the amount
of water increases the amount of oxygen decreases and the ratio between
oxygen and carbon dioxide is seriously upset. Such is the condition which
exists in a great many of our black alkali and puddled soils. Plant roots
will not penetrate such soils or such layers, readily, unless they are dried
out and allowed to shrink or crack, and thus aerate themselves. When
roots are once established in such dispersed zones, if the zones afterwards
become water-logged, the absorbing tips cease to function and often the
entire root will die.

The difficulties which are often experienced by farmers on these soils
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are somtimes attributed to lack of penetration of water. This, however,
tells only half the story. Even if water did penetrate such soils, the soils
would soon become water-logged, and retain this water for so long that
the plant roots would die. The wet soils would probably be as objection-
able as are the dry soils. Penetration and drainage are closely related in
soils.

1i
1isi
\A-:•:••'

Fig1. 1.— Showing the effect of dispersed soil horizons upon root growth and
elongation.

Figure 1 shows two cultures of corn, growing in a heavy soil from the
Salt River Valley. In both cultures the soils were made up to the opti-
mum moisture content, but in culture No. 2 a sandwich of heavy clay
was wet and puddled, and placed in column (a) . The roots of the corn
grew vigorously in culture No. 1, but those in No. 2 did not penetrate
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the puddled water-logged sandwich until cracks- developed around the
outer edge.

Puddled
Soil

A.
Po or

Aeration

Root Growth
Checked

C02

Increase

Oxygen
Decrease

Root Growth

Stopped
I

No absorption

Plant Foods
Fig. 2,— Graphical representation of the effect of a puddled soil upon root elonga-

tion and plant food assimilation. Each succeeding step is a Result of the
preceding condition.

The conditions met by the corn roots in this experiment are graphically
illustrated in figure 2. In this figure,an attempt is made to demonstrate
the conditions which arise when a root comes in contact with a puddled
layer of soil. If a root is growing normally, that is if it is extending itself
with normal rapidity, it will be absorbing oxygen and exuding carbon
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dioxide at a more or less constant rate. As it .elongates the root tip
moves into new soil environs and the changing zone will furnish oxygen
and will take care of the carbon-dioxide exudation. The carbon dioxide
will never reach sufficient concentration to kill the enzymes on the roots.
If, however, the root strikes a puddled soil area, root growth will be par-
tially or completely checked and carbon dioxide may accumulate in the
soil zone in immediate contact with the root tip. If aeration is poor, the
enzymes may be destroyed and no further elongation or absorption of
plant food will take place through that root.

The oxidizing enzymes of the root tips, which are so necessary in
elongation and cell formation, are apparently directly concerned in the
absorption of nutrient material. In the soil the oxidizing zone is very
limited and confined to soil particles which are in actual contact with the
root hairs and absorbing area of the roots. This zone is illustrated in
figure 9 and its importance in nutrition must be emphasized. No reduced
compound, and no solution of different pH than this zone, can be absorbed
by the plant. Its role may be compared to the digestive organs of ani-
mals, where nutrient material is first prepared, before assimilation takes
place.

THE TOXICITY OF CARBON DIOXIDE TOWARD ROOTS

Many culture experiments have been conducted to determine the toxic
and non-toxic range of carbon dioxide, the balance between carbon diox-
ide and oxygen, and the effect of carbon dioxide upon the availability or
absorption of phosphates and some interesting observations were noted.

When water, at zero degree, is saturated with carbon-dioxide gas, the
water will retain approximately 3,300 p.p.m. carbon dioxide. The carbon
dioxide is held in solution partly in combination with water as H2CO3 and
partly as the gas. At room temperature, or about 20 degrees C. the water
will contain about 1,800 p.p.m. carbon dioxide. This will be reduced
gradually on standing.

Solutions of carbon dioxide were prepared by bubbling the gas into
cold water until saturated. The solutions were then diluted to the con-
centration desired, and the roots of corn or wheat plants introduced into
the solutions. The elongation of the roots was used as a criterion of
growth. Before being put into the solutions the roots wTere dipped into
a thick magma of carbon black, which left a black coating over the entire
root. If elongation took place in the solution during the period of
observation, the new growth would be clear or transparent, and the
extent of growth could be measured. Two root tips are shown in figure
3. No. 1 is illustrated as having made no growth, while No. 2 has elon-
gated considerably.
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Fig. 3.— Root elongations in toxic and non-toxic concentrations of carbon dioxide.
Roots coated with carbon black. Left: No elongation. Right: Elongation, un-

shaded, in non-toxic concentrations.

When roots of either corn or wheat are placed in a solution of carbon
dioxide of a concentration of 1,000 or more p.p.m. there will be no elon-
gation of the tip. Tihe roots do not die, but they do not elongate, and do
not develop root hairs or laterals.

When carbon dioxide is passed into the culture during the process of
solution, the oxygen is driven out and the plant roots are bathed in a
solution containing carbon dioxide but no oxygen. When the culture
is diluted with distilled water the percentage of carbon dioxide is
decreased and the amount of oxygen increased. When about 400 p.p.m.
carbon dioxide is reached elongation of the root will take place. The
data for one experiment with wheat plants is shown in table XIV.
Observations were usually made after the cultures had stood over night.

Wheat seedlings will grow in a solution containing as much as 400
p.p.m. of carbon dioxide. However, no condition analogous to this exists
in our calcareous soils. When solid calcium carbonate is placed in these
solutions some of the carbon dioxide combines with the calcium to form
calcium bicarbonate. In the presence of calcium carbonate a plant will



PHOSPHATE AVAILIB1UTY IN CALCAREOUS SOILS 387

TABLE XIy.— RELATION OF CARBON-DIOXIDE CONCENTRATION
TO ROOT ELONGATION.

1. Control, distilled water
2
3
4
5

6.
7.
8
9

10

P.p.m. CO,

0
21
42
67

. 134

201
335
670

1,340
1,800

Elongation
Elongation
Elongation
Elongation
Elongation

Elongation
Elongation

No elongation
No elongation
No elongation

endure about twice as much carbon dioxide as when lime is absent. This
is shown in table XV in which 1 gm. of calcium carbonate was placed
in each of the culture bottles.

TABLE XV.— RELATION OF CARBON-DIOXIDE CONCENTRATION TO
ROOT ELONGATION IN PRESENCE OF CALCIUM CARBONATE.

1. Control, distilled water
2. Distilled water and CaCO3.
3. Distilled water and CaCO3.
4. Distilled water and CaCO3.
5. Distilled water and CaCO3.

6. Distilled water and CaCO3.
7. Distilled water and CaCO3.
8. Distilled water and CaCO3.
9. Distilled water and CaCO3.

Elongation
Elongation
Elongation
Elongation
Elongation

Elongation
Elongation
Elongation

No elongation

The solution which contained 1,060 p.p.m. carbon dioxide originally,
showed approximately 700 p.p.m. after the addition of calcium carbon-
ate. The rest of the carbon dioxide was combined as calcium bicarbonate.

In a well aerated soil in which bacterial activity is taking place, if well
supplied with organic matter, there is always a constant supply of carbon
dioxide. However, probably at no time does this carbon dioxide reach
the saturation point, and very seldom does it reach the point which will
cause a root to cease elongating.

When growing plant roots are placed in a solution of 1,200 p.p.m.
carbon dioxide, they cease elongating. If, after about 12 hours, the
plants are removed, and placed in a good culture solution, the root tips will
not begin growth again. This is illustrated in figure 3. Evidently the
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growth enzymes are killed by the carbon dioxide. If plant roots are
placed in a high concentration of carbon dioxide, and if growth is checked,
a rapid development of laterals and root hairs may be produced by passing
air or oxygen into the culture.

RELATION OF CARBON DIOXIDE TO PHOSPHATE

ASSIMILATION

It has been shown by one of the authors (6) that a plant food, potassium,
may be in solution and not available to plants. This phenomenon is
apparently true with phosphorus also, when a concentration of carbon
dioxide exists sufficient to stop the elongation of the root and the develop-
ment of root hairs. Repeated experiments have been made with culture
solutions of soluble phosphates, with rock phosphate and with soils

Fig. 4.—Apparatus used for growing plants in a constant stream of carbon dioxide.
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which contained phosphates, but in no case has any absorption of phos-
phorus occurred, when this solution was kept at least two-thirds satur-
ated with carbon dioxide. Apparently the oxidizing enzymes, which
are necessary in elongation and in the development of root hairs, are also
concerned in the absorption of nutrient material, and these cannot func-
tion in the absence of oxygen and in the presence of an excessive amount
of carbon dioxide.

It has been shown already that the presence of carbon dioxide increased
the solubility of phosphorus in South Carolina phosphate rock. An
attempt was made to correlate the solubility and availability of this phos-
phorus in the presence of varying amounts of carbon dioxide.

In figure 4, is shown an arrangement of cultures which were used in
several trials. No. 2 is a culture bottle holding 1 liter of solution, to
which 1 gram of pulverized South Carolina rock, or floats, was added.
Carbon dioxide was passed slowly through the solutions continuously for
two weeks. The cultures were compared with No. 1 which contained
distilled water only. The tops of the plants were then ashed, and ana-
lyzed. There was no increase of phosphorus in No. 2 over No. 1. Dupli-
cate experiments were made in which nitrogen and potassium were added
to the solution, yet the plants in No. 2 absorbed no potasisum. In some
of the experiments carbon dioxide was passed into the solutions during
the day and not at night, and in some other experiments the solutions were
saturated with carbon dioxide once each day, yet no absorption of phos-
phorus took place in either case. In some of the cultures, sodium phos-
phate was used instead of floats and compared with culture in distilled
water, but no absorption of phosphorus took place.

It was noticed, however, that when culture solution, No. 2, was satur-
ated with carbon dioxide and the solution allowed to stand for several
days without further addition of the gas, the plants developed new roots
near the surface of the solution. These grew downward and absorbed
appreciable amount of phosphorus. These phenomena were shown both
with the pulverized South Carolina rock and with pulverized apatite. In
every case the solubility of phosphorus was increased greatly by the
presence of carbon dioxide. However, the excess of carbon dioxide in
the solution checked the absorption of phosphorus.

In figure 5 is shown another arrangement of cultures which failed also
to increase the absorption of phospohrus. In this experiment powdered
phosphate rock was mixed with calcium carbonate and enclosed in an
inverted funnel, D, which was immersed in the culture solution, A.
Carbon dioxide was passed into the solution through the tube, C, and
escaped through the outlet, D. The carbon dioxide dissolved appreciable
amounts of phosphorus from the rock, which diffused into the solution.
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Fig. 5.—Apparatus used for growing plants in a constant stream of carbon dioxide.

yet no increase in absorption of phosphorus by the plant over the control
was noted.

In other cultures with the same arrangement pulverized apatite was
substituted for South Carolina rock with similar results. There was no
increase in absorption of phosphorus due to the presence of carbon dioxide

A similar arrangement as shown in figure 5, was carried out with a soil
culture. One hundred grams of an unproductive soil from the Salt
River Valley, was placed in the inverted funnel, and carbon dioxide was
passed through the culture as before described. The plants were grown
for 10 days and then ashed and analyzed. The results are shown in table
XVI.

TABLE XVL— EFFECT OF CARBON DIOXIDE ON ABSORPTION OF
PHOSPHATE BY THE PLANT.

1. Soil and distilled water
2. Soil and distilled water and CO2

100 plants

Dry weight

5.96
5.16

Grams P

0.0168
0.0172
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There was no increase in the absorption of phosphorus, due to the
effect of tihe carbon dioxide although an appreciable amount of phos-
phorus was brought into solution, as shown by analyzing the solutions.

In figure 6 is shown a sand culture in which no absorption of phosphate
took place. The vessels A and A' were filled with pure quartz sand, and
25 wheat seedlings placed in each. These were set into other vessels, B
and B', which were filled with sand to which 2 grams each of floats had
been added. These lower vessels were kept saturated with water, and
carbon dioxide was passed into No. 2 through the inverted funnel, C, and
escaped through the sand in the lower vessel. This produced a saturated
solution in B', which brought plenty of phosphorus into solution, amount-
ing, on the average, to probably about 5 p.p.m. PO4. A cloth, tied over
the opening of the upper vessel, prevented the roots from growing into
the lower vessel. The plants grew well in the upper vessels and roots
developed throughout the sand. It was thought possible that some phos-
phorus which had been brought into the solution by the carbon dioxide,
would rise by capillarity into the upper vessel, and there be absorbed by
the plant. However, there was no more phosphorus absorbed by the
plants in No. 2 than by those in No. 1. In each case, 100 tops contained
0.0202 gms. of phosphorus.

B'

Fig. 6.—Apparatus used for growing" plants in sand cultures in a constant stream
of carbon dioxide.
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Several attempts were made to aerate the solutions containing the carbon
dioxide by forcing a stream of air into the solution. However, when a
stream of air, or oxygen, is forced into such cultures the carbon dioxide
is driven off and the phosphorus thrown out of solution in an unavailable
form. It is then evident that there is a ratio between oxygen and carbon
dioxide which is necessary for plant growth, and for the continuous
absorption of nutrient materials from calcareous soils.

ABSORPTION OF PHOSPHORUS FROM SOLUTIONS
CONTAINING SMALL AMOUNTS OF CARBON DIOXIDE

As mentioned before, when the concentration of carbon dioxide was
reduced by volatization, the roots grew into the solutions and absorbed
phosphorus. This is shown in the following experiment.

Cultures of wheat seedlings were prepared with the solutions as shown
in tables XVII and XVIII, and the plants allowed to grow for 8 days
without a change of solutions. The solutions were then made up to
approximately the original carbon-dioxide content daily and the plants
allowed to grow for 9 days longer. They were then dried and the tops
analyzed for phosphorus. The amounts of phosphorus which were
absorbed from the solution were determined by subtracting the amount
contained in the distilled water control plants from those in each of the
other culture plants.

TABLE XVII.—ABSORPTION OF PHOSPHORUS FROM SOLUTIONS
CONTAINING PULVERIZED SOUTH CAROLINA PHOSPHATE ROCK

AND CARBON DIOXIDE ONLY.

No.

1.

4
5

6
7
8
9.

Solution

Control, distilled water..
Control and floats
Same with CO>
Same with CO>
Same with CO>>

Same with CO-
Same with CO>
Same with CO>-.
Saturated daily with

CO*

CO^ in
solution
p.p.m.

0
0

1340
670
335

201
134
67

PO4 in
solution
p.p.m.

0
1.5

12.5
8.3
6.2

5.5
5.0
4.5

100

Grams
P

0.0065
0.0096
0.0125
0.0170
0.0197

0.0177
0.0187
0.0144

0.0065

tops

Grams P
absorbed

0
0.0032
0.0060
0.0105
0.0132

0.0112
0.0122
0.0079

0

It has been shown in this laboratory that wheat seedlings can absorb
phosphorus from solutions of a concentration of 0.1 p.p.m. ( 5 ) . It has
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been shown, also, by Parsker( 18) that a concentration of 0.5 p.p.m. in the
soil solution is sufficient for the needs of the plant provided such a con-
centration is maintained. It will be seen from table XVII that the solu-
bility of a relatively insoluble phosphate was increased as much as 400
percent by an amount of carbon dioxide that was within the limit of
endurance of the plant. In table XVIII in the presence of calcium car-
bonate, the percentage was even more pronounced. The increase in solu-
bility caused by carbon dioxide is just as marked with the relatively insol-
uble phosphates of. the soil as it is with pulverized South Carolina rock.

It will be seen that a small amount of phosphorus was absorbed from
No. 3 which contained the toxic amount of carbon dioxide at the begin-
ning of the experiment. The carbon dioxide, however, was largely given
off during the first 8 days and new roots developed and absorbed some of
the phosphorus. A control culture containing pulverized rock, number
9, table XVII, which was saturated daily with carbon dioxide showed no
absorption of phosphorus. No new roots or latereals developed in this
culture. It will be seen also that the greatest increase in the amount of
phosphorus absorbed was shown by the plants in the carbon-dioxide solu-
tions which were a little below the limit of endurance. The maximum
absorption took place in a concentration of about 335 p.p.m. of carbon
dioxide and 6.2 p.p.m. PO4.

Another set of cultures was grown at the same time in solutions con-
taining pulverized rock and carbon dioxide, to which an excess of calcium
carbonate was added. These results are shown in table XVIII.

TABLE XVIII.—ABSORPTION OF PHOSPHORUS FROM SOLUTIONS
CONTAINING PHOSPHATE ROCK AND CARBON DIOXIDE.

No.

1.

2,
3.
4.

5.
6.
7.
8.
9.

Solution

Control, distilled
water

Floats and CaCOs..
Floats and CaCO*..
Floats and CaCO3..

Floats and CaCO3..
Floats and CaCO3..
Floats and CaCOs..
Floats and CaCO8..
Floats and CaCO3-

CO, in
solution

0

0 .
2120
1.060

530
313
212
106
42

PO4 in
solution

0

0.2
2.4
1.8

1.9
1.4
1.4
1.2
0.2

100 tops

Grams P

0.0065

0.0075
0.0083
0.0095

0.0097
0.0101
0.0092
0.0086
0.0092

Grams P
absorbed

0

0.0010
0.0018
0.0030

0.0032
0.0036
0.0027
0.0021
0.0027

It will be seen that while the absorption of phosphorus was not nearly
as great as it was when no calcium carbonate was present, yet there was
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a relatively large increase of absorption in the cultures which contained
carbon dioxide in concentrations below the limit of endurance of the
plant.

These experiments give an indication of the oxygen : carbon-dioxide
ratio which best suits the requirements of growing plants. A good soil
must contain both oxygen and carbon dioxide in the right proportions.

Practically all of the Arizona soils are calcareous, so the conditions
which most nearly represent those in the field are best shown by the
experiment which included the calcium carbonate in the culture solution.

EFFECT OF SOLUBLE SALTS ON SOLUBILITY AND
ABSORPTION OF PHOSPHATE

Impermeability in soils is usually accompanied by an accumulation of
soluble salts, causing a subsequent increase in replaceable sodium. The
latter in turn imparts to the soil particles a maximum degree of dispersion
from which greater impermeability will arise. It became necessary
therefore to study the relation between salt accumulation and phosphate
availability. By availability we do not imply the total amount of avail-
able phosphate in the soil, but rather its solubiliy in the soil solution.
Availability is governed by the conditions which determine its solubility.

In a previous study(16) of the effect of salts upon the solubility of
soil phosphate it was shown that these will reduce the solubility and
where such means are adopted as an aid to clarification and filtration in the
colorimetric determination of phosphate an error will result.

In table XIII we have given, along with the mechanical analyses, the
soluble salt content of the group of soils which we have studied. These
data for adjacent areas show a close correlation between the designation
good or poor, the relative amount of soluble salts present and the physical
composition. On the other hand, if widely separated fields are compared
this correlation does not hold. In spite of this, however, the data indicate
that soluble salts will interfere with phosphate solubility under field
conditions in calcareous soils just as our laboratory experiments have
shown. Some of these experiments are given below.

EFFECT OF POTASSIUM CHLORIDE, SODIUM CHLORIDE, AND
SODIUM SULPHATE ON PHOSPHATE SOLUBILITY.*

One hundred grams of soil were shaken with 500 cc. of water contain-
ing 0.5 to 25 grams of potassium chloride as shown in table XIX. These
were shaken for 1 hour, let stand over night, filtered, and the phosphate
determined in the filtrate bv the molvbdic-blue method.

1 This experiment is not strictly comparable with table XII where calcium saturated
and sodium soils were used.
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TABLE XIX.,- EFFECT OF POTASSIUM CHLORIDE ON
PHOSPHATE SOLUBILITY IN SOILS.

Check
0.5 gram KC1...
1.0 gram KCL.
5.0 grams KC1.

10.0 grams KC1.
25.0 grams KC1.

P.p.m. PO4 in
extract

1.2
0.3
0.2

Trace
Trace
Trace

These data clearly show the effect of potassium chloride upon the
solubility of phosphate in this soil, a calcareous type. The question then
arose as to whether this was a direct or an indirect reaction. That is,
whether the potassium chloride itself reduced the solubility or it was
reduced by the influence of a secondary reaction. Several experiments
were therefore conducted to throw some light upon this.

In the first of these, 1 gram of phosphate rock, which contains about
5 percent calcium carbonate, was shaken with 500 cc. of water to which
was added potassium chloride and calcium carbonate as shown in table
XX.

TABLE XX.—EFFECT OF POTASSIUM CHLORIDE AND CALCIUM
CARBONATE ON SOLUBILITY OF ROCK PHOSPHATE.

P.p.m. PO4
in extract

5.6
1.2
0.6

Trace
3.4

P.p.m. Ca
in extract

22
3.7

15.0
18.0
5.3

1. Phosphate rock (control)..
2. Phosphate rock + 1% KC1
3. Phosphate rock + (1% KC1 + CaCO3) *
4. Phosphate rock + (1% KC1 + CaCOs) f
5. Phosphate rock saturated solution CaCO3 (no KC1)..

* 500 cc. of 1-percent potassium chloride shaken with 1 gra. calcium carbonate,
filtered and the nitrate shaken with phosphate rock.

f 500 cc. of 1-percent potassium chloride shaken with phosphate rock in presence of
solid phase calcium carbonate.

Attention is called to the fact that potassium chloride has increased the
solubility of calcium and that this in turn has materially reduced the
solubility of phosphate.

Following this a similar experiment was conducted with sodium chlor-
ide. One gram phosphate rock was shaken with 500 cc. of water to which
several combinations of sodium chloride, sodium sulphate, and calcium
carbonate were added. The combinations and their effects on the solubil-
ity of phosphate are given in table XXI.
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TABLE XXI.-v-EFFECT OF SODIUM CHLORIDE AND SODIUM
SULPHATE ON SOLUBILITY OF ROCK PHOSPHATE.

Rock phosphate, distilled water
Rock phosphate, 1 % NaCl
Rock phosphate, 1 % Na2SO4 -
Extracting solution made by shaking 1-percent sodium chloride or
1-percent sodium sulprate with calcium carbonate and filtering.

Rock phosphate, NaCl, CaCO1,
Rock phosphate, Na2SO4, CaCOa
Solid calcium carbonate added to the sodium chloride and sodium
sulphate solutions before being shaken with the phosphate rock.

Rock phosphate, NaCl, CaCO3
Rock phosphate, Na,SO., CaCO3
Rock phosphate, NaCl, Na.SO,, CaCOa ,

CaCOs without sodium salts:
Saturated solution of CaCO .̂. ........:
Solid CaCO:> present during extraction

P.p.m. PO4
in extract

6.0
0.9
1.6

0.7
1.1

0.3
0.5
0.3

0.9
Trace

In the preceding experiment an attempt has been made to illustrate the
relative effect of sodium salts and calcium carbonate upon phosphate solu-
bility. The data indicate that while calcium carbonate reduces the solu-
bility almost to nil the reduction is less complete where sodium salts are
present. However, the fact must not be overlooked that the sodium
salts have greatly reduced the solubility regardless of whether calcium
carbonate has been added. We believe that the difference between the
solubility in the presence of sodium salts plus calcium carbonate, and
calcium carbonate alone is due to the reaction between these salts and
calcium carbonate to form sodium carbonate which has a solvent action
upon phosphate. This is indicated by the fact that with sodium sulphate
the reduction is less complete than it is for sodium chloride, and the
further fact that the reaction between this salt and calcium carbonate
proceeds further toward completion than that between sodium chloride
and calcium carbonate, and therefore would form more sodium carbonate.

The preceding experiments show that phosphate solubility is mate-
rially reduced by the salts of the monovalent bases. A similar relation
to absorption of phosphate by plants was shown by culture experiments.

EFFECT OF SODIUM CHLORIDE AND SODIUM SULPHATE ON
ABSORPTION OF PHOSPHORUS BY PLANTS

In these experiments wheat seedlings were grown for 17 days in 1-
liter culture jars in the solutions shown in table XXII. At the' end of



PHOSPHATE AVAIUBILITY IN CALCAREOUS SOILS 397

this period the tops were ashed and analyzed for phosphorus with the
results given in table XXII expressed as grams of phosphorus per 100
plants.

TABLE XXII.—EFFECT OF SOLUBLE SALTS UPON ABSORPTION OF
PHOSPHORUS FROM PHOSPHATE ROCK.

1. Control, distilled water.—
2. 1.0 gm. phosphate rock
3. 1.0 gm. phosphate rock: + 1.0 gm. CaCOs, - - - -.
4. 1.0 gm. phosphate rock -j- 0.5 gm. NaCl-
5. 1.0 gm. phosphate rock + 0.5 gm. Na-SOi

6. 1.0 gm. phosphate rock + 0.5 gm. NaCl, 1.0 gm. CaCO3
7. 1.0 gm. phosphate rock + 0.5 gm. Na.SO,, 1.0 gm. CaCO3
8. 1.0 gm. phosphate rock + 0.5 gm. NaCl, 0.5, gm. Na2SO4
9. 1.0 gm. phosphate rock + 0.5 gin. NaCl, 0.5 Na-SOt, 1.0 gm.

CaCO3 ;

Cms. P in
100 tops

0.0099
0.0144
0.0080
0.0108
0.0117

0.0086
0.0076
0.0119

0.0087

The depressing effect of calcium carbonate is shown throughout the
series. It will be noted also that the presence of both sodium chloride and
sodium sulphate in concentrations of 500 parts per million depressed the
absorption of phosphorus.

EFFECT OF CALCIUM SALTS ON PHOSPHATE SOLUBILITY

It is of decided importance to know the effect of soluble calcium salts
on phosphate solubility and this is shown by the data in table XXIII.
In this experiment, calcium salts were added in concentrations of 4 and 40
parts per million to the extracting solutions. The common ion, Ca, was
introduced into solutions which were in contact with 1 gram of pulver-
ized phosphate rock per 500 cc. of water, in the forms of calcium carbon-
ate, calcium sulphate, calcium chloride, calium hydroxide, and calcium
bicarbonate. The solubility of calcium carbonate is about 10 p.p.m.,
equivalent to about 4 p.p.m. of Ca. Equal amounts of Ca were added
with all of the salts, and the solubility of the phosphorus of floats in these
solutions was compared with other solutions of the same salt containing
40 p.p.m. of Ca as calcium sulphate, calcium chloride, calcium hydroxide,
and calcium bicarbonate.

The solutions were shaken, allowed to stand overnight, filtered and
analyzed for phosphate with the results given in table XXIII.

It will be seen that, with each of the salts, even when 4 parts per mil-
lion of the common ion, Ca, were present, the solubility of the phosphorus
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was decreased. When 40 p.p.m. of calcium were present, the commpn ion
effect was much more marked.

TABLE XXIII.—SOLUBILITY OF ROCK PHOSPHATE IN THE PRES-
ENCE OF CALCIUM SALTS.

1. Floats, alone - -
2. Floats, plus 4 p.p.m. Ca as CaCO3, solid phase.... ...
3. Floats, plus 4 p.p.m. Ca as saturated solution of CaCO3, no

solid phase
4. Floats, plus 4 p.p.m. Ca as CaSo4
5. Floats, plus 40 p.p.m. Ca as CaSO4

6. Floats, plus 4 p.p.m. Ca as CaCla
7. Floats, plus 40 p.p.m. Ca as CaCl2
8. Floats, plus 4 p.p.m. Ca as Ca(O.H)«
9. Floats, plus 40 p.p.m. Ca as Ca(OH)2.v

10. Floats, plus 4 p.p.m. Ca as Ca(HCO»)3......
11. Floats, plus 40 p.p.m. Ca as Ca(HCO8)2

P.p.m. PO4
in solution

5.0
Trace

3.6
3.6
0.5

4.1
0.9
2.9
0.3
3.1
0.9

The effect of solid calcium carbonate was especially significant. When
the solid phase was present in the solution, No. 2, the phosphorus was
forced out of solution almost entirely. But when a saturated solution
of calcium carbonate was prepared, the calcium carbonate filtered off,
and the filtrate was used as in No. 3, the common ion effect was com-
parable with an equivalent concentration of calcium sulphate. The cal-
cium content of solutions No. 2 and 3 were the same, yet the effect upon
the solubility of the phosphate rock was decidedly different. Although
floats contain some calcium carbonate these results would indicate that
the common ion CO3 had no effect upon the solubility of the phosphorus
except where present in excess as a solid phase. Apparently a reaction
had taken place between the calcium carbonate in No. 2, and the phosphate
rock, with the formation of a phosphate compound which contained more
calcium carbonate, but which has a very low solubility. Such a reaction
represents what might occur when raw rock phosphates are added to a
calcareous soil.

NATURE OF SOIL PHOSPHATE AND ROCK PHOSPHATE

The performance of phosphate rock and soil phosphate in the preced-
ing experiments as well as other observations made throughout our inves-
tigations led us to believe that in phosphate rock, as well as soil phos-
phate compounds, the calcium carbonate is an integral part of the mole-
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cule, and that in phosphate rock the complex is unsaturated with calcium
carbonate and therefore the amount present in the rock does not effectively
reduce the solubility of the phosphate ion as is true in calcareous soils.
On the other hand in the soil which contains an excess of calcium car-
bonate the compound becomes saturated, and therefore the solubility is
at a minimum. Then again while the calcium ion, acting as a common
ion, greatly reduces the ionization the reduction is complete only where
the carbonate ion is present and the saturation is maintained by the
presence of solid phase calcium carbonate. Apparently then, both the
calcium and carbonate ions function as common ions in the ionization of
the complex, and we have a carbonate-phosphate compound, rather than
a tricalcium-phosphate compound. In fact, we believe that our data and
observations can only be explained by assuming that the calcium carbon-
ate is an integral part of the phosphate compound.

It has been shown repeatedly that phosphate rock is of little or no
value as a phosphate fertilizer for calcareous soils, while on non-calcareous
types it has often given returns almost equal to superphosphate. This
latter is especially true for highly organic soils, where carbon-dioxide
production is at a maximum. Under such conditions the reaction is
usually written as follows :

Ca3(PO 4 ) 2 +4H 2 CO 3 ^CaH 4 (PO 4 ) 3 +2Ca(HCO 3 ) 2

On the other hand it has been found that, if lime is added along with
the phosphate rock, the availability even in acid soil is greatly reduced,
as measured by crop response. The same property has been observed
with bone meal which is also assumed to be a tri-calcium phosphate.

If superphosphate is used as a phosphate fertilizer, and lime is applied
at the same time, the availability as measured by plant growth is not
reduced, and will, in many cases, even show an increase. This holds true
for our calcareous soils, and it has been found that applications of super-
phate notably increase the phosphate concentration of the soil solution,
and will maintain this increase for a protracted period if good aeration and
water penetration are maintained. This has led us to believe that rever-
sion in the absence of carbon dioxide, that is, in a puddled soil, will
proceed further than where carbon dioxide is present, all of which leads
to the question of the nature of the reverted compound under these two
extremes of soil environment.

Some attention has been given to iron and aluminum phosphates, and
their availability in calcareous soils, and, while this phase of the problem
will be discussed in a later bulletin, it is of interest to say that they
appear to be of minor importance. Both of these so-called insoluble
phosphates even after adding to the soil are in reality much more soluble
than the soil phosphates occurring in the soil originally. Unquestionably
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then, soil phosphates are in greatest part calcium phosphates of uncer-
tain composition, but always having a calcium content in excess of a hypo-
thetical tricalcium phosphate. Cameron and Bell(9) have suggested a
series of solid solutions as best explaining this. These solid solutions
are composed of phosphoric acid and lime, the limiting solutions being
pure calcium hydroxide at one end, and at the other end a solid solution
very close in composition to tricalcium phosphate. They suggest that
phosphate rock is a mixture containing phosphoric acid, calcium and
calcium carbonate, in varying proportions. In other words, they assume
that phosphate rock is calcium carbonate and a solid solution containing
phosphoric acid and calcium.

Warrington(22) assigned to phosphate rock the formula

3Ca3(PO4)2 Ca(OH)2 .

It is significant that Cameron and Seidell(lO) showed that both water
and aqueous carbon-dioxide solutions, when saturated with calcium car-
bonate, dissolve less phosphate than the same solution when free from
calcium carbonate. Bassett(2) suggests a definite and stable hydroxy
apatite mixed with varying amounts of calcium carbonate as being the
only stable compound which can exist under soil conditions. These few
citations represent the present opinion of most investigators regarding
the nature of soil phosphates.

The above conclusions did not appear to explain the properties exhibited
by the soils we were studying, nor the data obtained in our investigations.
In our experiments both calcium ions and solid phase calcium carbonate
reduced ionization and this indicated that calcium carbonate is a definite
part of the molecule rather than a part of a solid solution. A definite
difference between the ease with which they effervesced with acids was
also noted. We determined the ratio of CaO :P2O5 :CO2 in a large number
of samples of phosphate rock, and in C. P. tricalcium phosphate. From
the literature, analyses of bones and teeth were obtained and calculated
to the same ratios. In these data the ratio was shown to be very constant
for bones and teeth but lower and less constant for phosphate rock unless
fluorine was also calculated to its CO2 equivalent. Tricalcium * phos-
phate (C. P.) contained 3 percent CO2 as combined carbonate, showing
that even this salt cannot readily be prepared free from calcium carbonate
unless possibly under carefully controlled conditions. Phosphate rock
deposits have undergone many changes since being deposited for it readily

*i'This indicates that interpreting past culture experiments in the literature where
C. P. tricalcium phosphate has been used, allowance must be made for the fact
that the salt used was not pure tricalcium phosphate. So-called tricalcium, phos-
phate not only contains about 5 percent calcium carbonate but some dicalcium
phosphate as well.
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hydrolyzes in the presence of water. Hence we cannot look upon this
material as it now exists, either as a saturated or as a stable complex with
respect to calcium carbonate. On the other hand, bone may be con-
sidered both as a saturated and as a complete compound, if not yet sub-
jected to weathering. In view of this an attempt was made to construct a
calcium phosphate molecule of which calcium carbonate was an integral
part. As an initial step, a molecule was constructed by attaching calcium
phosphate groups to a molecule of calcium carbonate until the ratio
CaO :P2O5 :CO2 was approximately that of bone. This formula is shown
graphically in figure 7 but is only tentatively suggested in order to show
that such a carbonate-phosphate compound can be structurally grouped
with all bonds satisfied.

Fig, 7.—A structural formula for carbonate-phosphate of calcium.
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CO

Fig. 8.—Phosphate-calcium carbonate according to Gassmann and Werner.

Gassman(14) who has devoted many years to a chemical study of
teeth and bones, has recently arrived at a similar conclusion. That is, he
considers the calcium carbonate as a definite part of the molecule and
refers to the whole as a phosphato-calcium carbonate compound. The
formula developed by Gassman is shown in figure 8.

He has assembled the groups according to Werner's coordination
theory of the valency and constitution of molecular compounds. The
groups forming the coordination complex are placed within the square
brackets and, to allow for the attachment of the central Ca atom to more
groups than permitted by ordinary valencies, he used subsidiary or shared
valencies, as indicated by the dotted lines. According to such a grouping,
following Werner's theory, the bracketed group would possess two posi-
tive valencies, and act as a divalent unit. That this compound does act
in this manner is shown by the fact that the carbonate may be replaced
by two chlorine ions to form a chloride-phosphate compound. It is not
beyond reason to suggest that the silicate ion may also enter such a com-
plex to form a silicate-phosphate compound [Ca(Ca3FO4)3] SiO3, the
availability of which can only be a speculation at this time.

We feel that the investigations of Werner and Gassman lend support
to our own theories regarding soil phosphates in calcareous soils, and show
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that phosphates which are difficultly available exist as a carbonate-phos-
phate complex.

Strange to say, soil chemists have devoted little time to studying the
nature of insoluble calcium phosphates in soils, that is, when one con-
siders the vast amount of space in the literature of soil science, which is
devoted to phosphate availability. The inclination has been to " tie up "
iron and aluminum with the difiicultly soluble or available phosphates in
soils rather than calcium. It is only in the investigations of the physiol-
ogists on the composition of bone and the calcification process that we
have discovered data which tend to support our observations. Gassman
(14) was concerned entirely w7ith the composition of bone, when he
developed his formula, which had however been mentioned by Werner
some years before, while he was developing his coordination theory of
valency. De Jong (13) has conducted X-ray studies of bones, and con-
cluded that bone is essentially a mineral having the formula 3 Ca3 (PO) 4

CaX2, and that bones and apatite are essentially trfe same mineral. In
the United States the researches of Kramer and Shear are outstanding.
They emphatically state that the presence in bones of a compound of the
formula Ca3(PO4)2 has never been demonstrated. (15) In fact, they
even go so far as to state that Ca3(PO4)2 does not exist, and that thus
far a precipitate of the empirical composition Ca3(PO4)2 has never been
prepared, even from simple inorganic solutions. They question the cor-
rectness of Gassman's formula (19) because in many analyses of bones,
they have found that the percentage of carbon dioxide varies propor-
tionately with the age of the animal, and is highest at maturity. But may
it not be true of bone formation just as we have found in our soil studies
that complete saturation with calcium carbonate is a slow process in
nature, and may be final only at maturity of the animal ?

The behavior of plants toward the carbonate-phosphate compound is
shown in the twro following culture experiments. In the first experiment
C. P. dicalcium phosphate was used as a source of phosphate and the
plants grown in four separate cultures. In one only distilled water was
used, in the second 1 gram dicalcium phosphate was added, in the third
1 gram dicalcium phosphate and 1 gram calcium carbonate, and to the
fourth the combination described in the third was saturated with carbon
dioxide and then boiled to remove the excess of carbon dioxide. The
solutions from the above were poured into culture pans holding 1 liter
each and wheat seedlings grown in the solutions for 7 days. The plants
were then dried and the tops weighed and analyzed for phosphorus. The
results are given in table XXIV.

It will be noted that the amount of available phosphorus was decreased
materially by the addition of calcium carbonate to the culture solution.
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TABLE XXIV.—ABSORPTION OF PHOSPHORUS FROM DICALCIUM
PHOSPHATE.

1.

2.

3.

4.

Distilled water
I

Ca2(HPO4)2

Ca2(HPO4)2,
CaCO3 ,

Ca,(HPO4)2,
CaCO3 CO2 boiled-

Dry weight

3.00

5.28

5.44

5.08

100 tops
Grams P

0.0080

0.0344

0.0266

0.0132

P absorbed
from solution

0.0264

0.0186

0.0052

Furthermore, when carbon dioxide was added to the culture solution, thus
bringing more calcium into solution, and the phosphate then precipitated
by boiling off the excess carbon dioxide a more insoluble phosphate was
formed, and the absorption of phosphate was almost completely checked.
On boiling, the most insoluble salt would be precipitated. Evidently the
dicalcium phosphate combined with some calcium to form a more insolu-
ble compound. When calcium carbonate was added the solubility of cal-
cium was very low, and the reaction by which the carbonate phosphate
compound is built up proceeded very slowly.

In the second experiment C. P. tricalcium phosphate was used follow-
ing the same procedure already described under the preceding experiment.
The wheat seedlings were analyzed with the results given in table XXV.

TABLE XXV.—ABSORPTION OF PHOSPHORUS FROM TRICALCIUM
PHOSPHATE.

1.

2.

3.

4.

Distilled water

Ca3(PO'4)2 only

Ca3(PO4)2, CaCO3

Ca3(PO4)2, CaCO3,
CO2 boiled

Dry weight

4.56

4.58

4.55

4.10

100 tops
Grams P

0.0096

0.0240

0.0186

0.0117

P absorbed
from solution

0.0144

0.0093

0.0021

It will be noted that the so-called C. P. tricalcium phosphate was a
readily available form of phosphate. This material contains both calcium
carbonate and some dicalcium phosphate as shown by the following
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experiment. When phosphate rock is boiled with calcium carbonate the
solubility of its phosphate in water is reduced to zero or to amounts so
small that it is difficult to determine them colorimetrically. If C. P. tri-
calcium phosphate is boiled with calcium carbonate and its solubility
determined, using 0.3 gram per 100 cc. water, the solubility will be reduced
from 12.4 parts per million to 0.9 part per million, a readily determinable
quantity. This difference between phosphate rock which is derived from
bone, and C. P. tricalcium phosphate, indicates the presence in the latter
of a less basic salt and that the complete formation of a carbonate phos-
phate compound is a slow reaction as it nears completion. As shown in
the analyses of the plants, calcium carbonate decreased the availability
of phosphate. When carbon dioxide was introduced and the solution
boiled before being used for the culture the absorption of phosphate and
therefore availability was reduced to a low point. As in the first experi-
ment the carbon dioxide increased the solubility of calcium carbonate
more than a hundred fold. With a large amount of calcium in solution
the reaction between the relatively insoluble phosphate and the lime
could take place more rapidly. When the solvent carbon dioxide was
boiled off the most insoluble salt which could be formed under the condi-
tions was precipitated, that is, a carbonate-phosphate compound.

These culture experiments confirm our soil studies and show that the
fixation of phosphates in calcareous soils is due in many instances to the
formation of compounds more basic than tricalcium phosphate, and that
the base, calcium, as calcium carbonate is a definite part of the molecule.

SUMMARY

The recognition of a carbonate-phosphate compound greatly clarifies
all of our observations, as well as those of many others, and establishes
the final reverted form of phosphate in its least soluble form in soils. It
clearly explains why the calcium phosphate in soils is even less soluble
than the iron and aluminum phosphates which have heretofore been
considered the least soluble form of soil phosphates. By means of this
compound it is easy to understand the phosphate availability relationship
in puddled soils and in loose permeable soils, and the important role' which
carbon dioxide and oxygen play in the availability of phosphate, and its
assimilation by the crop. It tells why application of lime with phosphate
rock depresses the availability and many other phases of phosphate fer-
tilization which could be mentioned.

The solubility of the carbonate-phosphate compound is governed by
the common-ion calcium and the solid-phase calcium carbonate, or by
carbonic acid and its accompanying hydrogen ions. While all the soluble
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salts of calcium will force back the ionization of the compound, and
thereby reduce soluble phosphate ions, solid-phase calcium carbonate is
far more effective, and reduces the phosphate ions to practically nil. On
the other hand, a relatively high concentration of phosphate ion may be
obtained, even in the presence of calcium carbonate by introducing an
excess of free carbon dioxide. In view of the toxic effects of carbon
dioxide, however, it is evident that the free carbon-dioxide concentration
cannot go above the tolerance limits, without injuring the crop. This
would, however, hardly be considered possible in a calcareous soil.

In spite of the fact that all our soils are calcareous, water extracts
often show little or no soluble calcium. This in itself testifies to the low
free carbon-dioxide content or CO2-producing power of our soils, and
the rapidity with which carbon dioxide will be absorbed in the equilibrium
reactions. This relation which may be attributed to solid-phase calcium
carbonate makes for a low concentration of phosphate ions. In the lab-
oratory we have been able to increase, or reduce at will, the concentration
of phosphate ions in the soil solution by introducing carbon dioxide or
by aerating with CO2-f ree air. It has been demonstrated experimentally
that if active diffusion of carbon dioxide and air is prevented, sufficient
free carbon dioxide may be held in a calcareous soil solution to reduce the
reaction of the soil:water mixture below neutrality, and to a point at
which the solubility of the phosphate ion from the carbonate-phosphate
complex is appreciable.

The process by which the roots may accomplish this is illustrated in
figure 9. The feeding zone in which the root maintains a sufficient con-
centration of carbon dioxide is represented by the heavily shaded area
around the root tip. It is within this zone that the solution of phosphate
takes place. The carbon dioxide produced in a calcareous soil will be
neutralized so rapidly that it cannot be active at any great distance from
the root. It is believed, however, that within a definite area, such as is
represented by the heavily shaded part of the figure the root can maintain
a raction of pH 6.2 or less since the roots develop very intimate contact
with the soil particles and this reaction, or one more acid, can readily
dissolve the carbonate phosphate. Comber (12) believes that in the
close contact of roots with soil particles the outer layer of the root is
transformed into a mucilagenous layer, and an indissoluble attachment
made thereby with the soil particles. Our observations show that a sat-
urated solution of carbon dioxide is toxic and that only a partly saturated
solution is required by the root as a solvent. May it not therefore be
true that the carbon dioxide diffusing through such a mucilagenous layer
maintains a constant concentration and acts as a solvent therein ?

In the absence of free carbon dioxide it appears that the reversion
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7.0 NE

Fig. 9.—Feeding zone of root tip in which carbon dioxide is active.

to the carbonate-phosphate proceeds to a condition which our experiments
have shown to be the insoluble form. In the presence of carbon dioxide
the reversion to carbonate-phosphate compound, that is to complete satur-
ation with calcium carbonate, is impossible of completion. The first repre-
sents a puddled soil condition as in such a physical state free carbon
dioxide cannot exist. The second represents a loose soil structure where
permeability and soil aeration are good, and where soil organisms are well
supplied with oxygen and aerobic rather than anaerobic forms are active.
Our experiments indicate that once the carbonate-phosphate compound is
completely saturated with calcium carbonate, subsequent solubility
requires a greater excess of carbon dioxide for re-solution. This is shown
in the effect of carbon dioxide on the solubility of the phosphate in our
good and poor soils and we interpret from this the better availability of
phosphate in soils where permeability is maintained constantly and a
water-logged condition never permitted to arise.

After the carbonate-phosphate compound is completely formed, the
normal carbon-dioxide content or even that arising from bacterial respira-
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tion will have little or no soluble effect as where such small amounts of
carbon dioxide are distributed throughout the soil mass it will be too
greatly diffused and too rapidly removed from the sphere of action by the
calcium carbonate. Solution of phosphate, in calcareous soils, can only
take place in the immediate feeding zone of the root. But neither roots
nor organisms can produce carbon dioxide in the absence of oxygen.
Under such conditions leaching and aeration greatly improve the fertility
of our poor soils. Under puddled or water-logged conditions root growth
is nil. This also applies to over irrigated soils where supersaturated
layers will persist in the subsoil even though the surface soil may be
bone dry. Therefore on " opening up " these impermeable areas, the
foraging activities of the roots are improved, normal respiration with its
diffusion of carbon dioxide follows and the ionization of the carbonate-
phosphate complex proceeds.

Since our observations had shown that sufficient carbon dioxide must
be present to reduce the soil reaction below neutrality the question of
the plant's ability to do this in the presence of such a large excess of
calcium carbonate arose and it has been shown experimentally that a
reaction of pH 6.2 which is suffcient to bring the phosphate from the
carbonate-phosphate into solution in the poorest soils can be reached, and
maintained as shown in table VII.

It is of interest in connection with the discussion of the carbonate-
phosphate compound to cite several experimental observations of others
as typical of the conditions met in phosphate studies and of the manner
in which they may be explained on the basis of a carbonate-phosphate
compound. These are selected as typical, and do not represent a complete
review of the literature as similar observations are legion. Bauer(3)
found that leaching greatly increased the availability of phosphate in
phosphate rock. This may be explained by the fact that calcium carbon-
ate dissolved as calcium bicarbonate, rapidly reduced calcium carbonate
in the carbonate-phosphate compound and thus removed the calcium
carbonate from the zone of action. Phosphate experiments at Ohio(l)
have shown that in every case, yields from phosphate rock plus lime, are
less than from rock phosphate alone, which is due to the calcium carbonate
forcing back the ionization of the carbonate-phosphate compound. On
the other hand, acid phosphate applications are either better with lime, or
just as good. Truog(21) has shown that " plants containing a relatively
high calcium oxide content have a relatively high feeding power for
phosphate from phosphate rock. Unquestionably the reactions involved
here are the same as those observed by Bauer except that in the former
case the common ions calcium and carbonate were removed by leaching
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while in the latter case they were removed by the plant. These reactions
are well illustrated by the following experiment.

One gram of pulverized South Carolina phosphate rock was placed in a
100-cc. percolating tube, upon a bed of asbestos and percolated, first with
500 cc. of cold water, then with 500 cc. portions of water, saturated with
CO2. Ice was kept in the solutions in order to prevent the loss of carbon
dioxide. The percolates were analyzed in 500-cc. portions, and the
analyses are given below.

TABLE XXVL-

1. Cold water
2 Saturated CO-
3. Saturated CO-
4. Saturated CO....
5. Saturated CO» ..

6. Saturated CO->
7. Saturated CO.
S. Saturated CO-
9. Saturated CO>

10. Saturated CO-

IL Saturated CO-
12. Saturated CO>.......

-RELATIVE SOLUBILITY OF Ca and PO4 IN
ROCK PHOSPHATE.

Gms. Ca

0.0048
0.0150
0.0105
0.0098
0.0064

0.0058
0.O048
0.0056
0.0048
00041

0.0045
0.0045

Gms. PO4

0.0002
0.0010
0.00092
0.00125
0.00119

0.00138
0.00146
0.00156
0 00174
000131

0.00156
0.00156

The floats contained about 2 percent of calcium, equivalent to 5 percent
CaCO3. It will be noted that the first two percolations with carbon-
dioxide solutions dissolved more calcium than was combined as carbonate.
Subsequent percolations continued to dissolve decreasing amount of
calcium and as calcium decreased PO4 increased in solubility. The total
calcium dissolved by 12 percolations was 0.0806 which is equivalent to
20.15 percent CaCO3. The amount of phosphorus in solution tended to
increase as the percolations were continued. Even in the twelfth perco-
late, however, the equivalent amount of calcium was largely in excess of
PO4. If the carbon-dioxide solution had dissolved the calcium and PO4

in equivalent quantities from the floats, and assuming the floats to be
Ca3(PO4)2 , the 0.0045 Ca would have required the solubility of 0.00720
PO4, instead of a solubility of 0.00156. Evidently the CO2 solution dis-
solved some of the calcium which was held in a difficultly soluble form.

CONCLUSIONS
1. The subject matter of this bulletin involves a study of the rela-

tions between carbon dioxide, physical condition, salt concentration, phos-
phate availability in soils, and absorption of phosphorus by plants.
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2. Carbon dioxide derived from incorporated organic matter in the
soil does not serve to increase measurably the phosphate solubility in the
soils under study, during short experimental periods.

3. In some calcareous soils where phosphate availability is very low
solubility of phosphate is less in CO2-saturated water than in CO2-free
water.

4. Where phosphate availability is good CO2-saturated water shows
equal or better solubility than CO2-free water.

5. Solubility of phosphate in phosphate rock is greatly increased by
the presence of any amount of carbon dioxide in the water.

6. The presence of calcium carbonate greatly reduces the solubility
of phosphate in phosphate rock as well as in the soils.

7. The solubility of phosphate from such materials as ammo-phos
and superphosphate are less affected by calcium carbonate in soils.

8. Fixation of dissolved phosphate by soils is greater in the presence
of CO2-saturated water than in CO2-free water.

9. On leaching such soils the phosphate fixed in the presence of car-
bon dioxide is more soluble than where fixed in the absence of carbon
dioxide.

10. Carbon dioxide not only materially influences solubility but fixa-
tion as well.

11. In order for carbon dioxide to increase measurably phosphate
solubility in calcareous soils it must be present in sufficient amounts to
reduce the reaction below neutrality or to approximately pH 6.2 - 6.4.

12. Carbon dioxide exhibits rather closely defined ranges of toxic and
non-toxic concentrations which in addition vary with certain environ-
mental factors such for example as the presence of calcium carbonate.

13. Toxic concentrations of carbon dioxide destroy the root enzymes,
stop root elongation and while the root itself is not killed, absorption of
phosphorus is completely checked.

14. Leaching improves the fertility of impermeable soils where phos-
phate deficiency is a dominating factor.

15. The effect of leaching is to improve the mechanical state of the
soil and therefore the foraging range and respiration of the roots.

16. Impermeable soils favor anaerobic organisms and deprive the soil
of oxygen. Under such conditions carbon dioxide cannot long exist and
therefore phosphate solubility is at a minimum.

17. The nature of the base exchange complex may influence the solu-
bility of soil phosphates by influencing soil reactions.



PHOSPHATE AVAILIBILITY IN CALCAREOUS SOILS 411

18. Black alkali soils/ that is, those with sufficient replaceable sodium
to yield free hydroxyl ions on hydrolysis, always contain soluble phos-
phate in readily determinable amounts but the high alkalinity interferes
with its assimilation by plants.

19. A calcium-saturated exchange complex reduces the solubility of
phosphate by supplying the common ion calcium on hydrolysis but in the
presence of free carbon dioxide the reduction will not be of serious mag-
nitude.

20. Judging from our experiments the most insoluble reaction range
for phosphate solubility lies between pH 8.0 and 8.5.

21. If black alkali soils are leached free from replaceable sodium the
phosphate solubility is reduced.

22. In many cases soil samples from good and poor areas of individual
fields show a higher percentage of clay and a higher saline content in the
the latter. The amounts of salt are usually below the toxic amounts and
therefore depress plant growth through their effect on phosphate solu-
bility.

23. Salts of the monovalent bases reduce phosphate solubility in cal-
careous soils because they increase the solubility of calcium. They also
reduce absorption of phosphate by plants.

24. The reduction in solubility of phosphate by calcium depends upon
the concentration of calcium ion in solution regardless of whether it is
present as the chloride, sulphate, bicarbonate, or hydrate.

25. Phosphate solubility in soils or in phosphate rock, may be reduced
to the merest traces or to nil by the presence of calcium carbonate in
the solid phase.

26. Phosphate of low availability in soils is present as a carbonate-
phosphate compound in which 1 mol calcium carbonate is definitely com-
bined with 3 mols tricalcium phosphate.
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